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PREFACE 

This  repor t  d i scusses  the r adn t ion  accidentwhich occurred  a t  the Y-12 Plant on June 16, 
1958. To the extent that information 1s available,  it d e s c r i b e s  the  circumstances leading 
to the accident,  a t tempts  to reconstruct  the nuciear react ivi ty  conditions, and reviews the 
dosimetr ic  means and r e su i t s  which were used to he lpde termine  the exposure of affected 
employees. 

Clinical findings and t h c  mc*dicai p rogress  of the individuals receiving significant radia- 
tion exposures  a r e  not :nciuucci  and w i l l  be presented by appropr ia te  medical authorit ies 
:n a separa te  report .  1: : s  anuropru te ,  however,  to preface th i s  report  with the news that 
these eight men have been reieased f rom the hospital and have resumed their  normal ac-  
t ivit ies. 
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INTRODUCTION 

On Monday, June 1 6 ,  1958 ,  a n  accidental nuclear excursion occur red  in an enriched uranium 
salvage recovery a r e a  oi  the Y - 1 2  Plant. In  accordance with the requirements of the 
Atomic Energy Commission, a committee w a s  appointed to investigate the incident. 

Th i s  r epor t  presents  specific information on conditions p r i o r  to,  during, and following 
the radiation incident and general information on the prevention of a re-occurrence.  

This  regret table  accident is believed to be the first nuclear  excursion to have occurred in 
a uranium processing facilitv. In  the hope that it may benefit o the r s  engaged in enriched 
uranium processing, a considerable t reatment ,  above and beyond the Atomic Energy Com- 
mission's minimum requirements for  such a n  investigative r e p o r t ,  is given. 

AS might be expected, t h e  events and circumstances associated with an incident of this 
nature are complex. A principal motivation in many phases  of the investigative work w a s  
concern over  the persons exposed to nuclear radiation and the desirabil i ty of a r r iv inga t  
accurate  e s t ima tes  of the radiation doses  received. While a considerable effort h a s  been 
made by the committee and by those who donated their t ime  and talents to develop informa- 
tion considered pertinent, no pretense is made that all questions which might arise have 
been answered. 
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SUMMARY 

An accidental  nuclear escursion occurred in t h e  Y-12  Plant  a t  approximately 2:05 p. m. 
on Monday, June 16,  1958. The following r e m a r k s  s u m m a r i z e  information obtained by 
t h e  committee appointed to investigate t h e  accident: 

1 .  The s i t e  of t h e  accidental nuclear excursion w a s  a 55-gallon s ta inless  s t ee l  d r u m  10- 
cated in the C-1 Wine: o f  Building 9212. Figure 1 is a photograph of this d rum taken 
approximately 2 4  hours after the incident. I ts  location is referenced in progressively 
g rea t e r  detail  i n  Figures  2 ,  3, and 4. 

2 .  On the basis o i  the available data,  the following sequence of events is postulated as 
leading K O  the incident: 

;1 portion o i  enriched (-90% U235)  uranium-bearing solution, containing approximately 
50 gm !iter. tlowea through a valved pipeline f r o m  an extraction product "Safe" 
tank in B-  1 Winq into C - 1 Wing and partiallyfilled "safe" tank 1 - 2  as well as the piping 
connectinq tanks  1 - 2 ,  6 - 1 ,  and 6-2. This  piping a r r angsmen t  is schematically pre-  
sented i n  Figures  6 and 10. 

Subsequent to t h i s  inadvertent t r ans fe r ,  tanks 6-1 and 6-2 were  partially filled with 
water  for purposes of routine leak testing following the monthly inventory clean-out. 

When the valve on the drain line leading to the d r u m  shown in  Figure 1 w a s  opened. the 
enriched uranium solution in  tank 1-2 and the connecting piping preceded the wa te r  f rom 
tanks 6-1 and 6-2 into the d rum causing the incident. 

3. Following the initial nuclear burst ,  which did not discharge the contents of the drum, 
the nuclear system a p p e a r s  to have oscillated. The react ion w a s  ultimately stopped 
by the additional water flowing into the drum. Based upon a n  examination of the chart  
taken from a recordinq monitor located in  another building and other indicative infor- 
mation (Figure 1 3 ) ,  i t  is believed that the nuclear reaction las led approximately twenty 
minutes . 

4. Upon the sounding of t h e  radiation monitor a l a r m  s i r e n ,  plant emergency procedures 
were  put into effect .  Descriptions of the evacuation and the activit ies of UCNC e m e r -  
gency personnel f rom ORNL, ORGDP, and Y-12 are presented in Exhibit III. 

By 5:OO p. m .  of J u n e  16. radiation survey t eams  established that the incident had in 
fact  taken place i n  a drum located in C-1 Wing of Building 9212. A t  approximately9:30 
p. m. , the d rum w a s  poisoned by the insertion of a cadmium scroll. Clean-up of all 
Building 9212 a r e a s  except C and C - 1  Wings w a s  begun during the night of June 16. 
During t h e  night of June 17, a "safe" tankage facil i ty w a s  fabricated and installed in 
one of the Building 92 12 shielded radiograph cel ls  (see F igure  3 ) ,  and the contents of 
the d rum were t ransferred to this improvised s torage s i t e  during the afternoon of June 
18. The empty d rum w a s  then transported $0 ORNL for  analysis.  

Clean-up activities were continued, and by the morning of June 19, all recovery f a C i -  
iities with the exception of those in the central  and east portion of C-1 Wing were  put 
back in operation. 

In the afternoon of June  2 0 ,  a team consisting of m e m b e r s  of the investigating com- 
mittee,  UCNC operations, and development supervision moved into C-1  Wing and I 0 2 b 3 $ 
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ca r r i ed  ou t  a program of dismantling, sampling, inspection, and hydraulic testing. AS 
of June 2 3 ,  a f t e r  a l l  available r a w  data had been gathered to  the satisfaction of the i n -  
vestigating committee,  a l l  recovery facil i t ies were  returned to no rma l  operations. 

5. Eight Y-12 employeeswere in thevicinityof the d rum at the t ime  of the incident. The 
five men exposed to what has  been described as a medium dose of radiation by Dr. 
Marshall  Brucer ,  Cha i rman ,  Medical Division, Oak Ridge Institute of Nuclear Studies, 
w e r e :  

. .i . .. Employee "A",  Chemical Operator  - Age 40: 365 r ad  - 461 r em*  3 

2 1 5 '  Employee "B", Electrician - Age 32; 270 r a d  - 341 r em*  

Employee "C", Maintenance Mechanic - Age 39; 339 rad - 428 rem* 

.-. 

I ?  ' 
''+' a 

1 -  i 
I -  

- I  Employee I'D", Electrician - Age 51; 327 rad - 413 rem* I t' 
I - \ .  , 

Emplovee "E". Maintenance Mechanic - Age 35; 236 rad - 298 rem* * -  / 

The positions of these men and their  routes of exit f rom the area of the incident a r e  
portrayed i n  Figures  4 and 5 .  

The th ree  men exposed to a lower dose of radiation were: 
* 

Employee "F", Welder - Age 41; 68 .5  rad - 86. 5 rem* - 
n .  

Employee "G", Maintenance Mechanic - Age 56; 68. 5 rad - 86. 5 rem* -> 

Employee IIH", Chemical Operator - Age 25; 22.8 rad - 28.8 rem* 

Following t h e  accident,  these men w e r e  hospitalized at the OakRidge Insti tute of Nuclear 
Studies where specialized medical attention w a s  provided. Employees "F", "G" ,  and 
"H" w e r e  released f r o m  the hospital on June 26, 1958, and allowed to r e sume  their  
normal activities. Employees "A" ,  ':B", " C " ,  I '  D", and "E" w e r e  r e l eased  on July 
30 ,  1958. 

6. The neutron and gamma radiation of personnelwhose indium foil badges indicated signi- 
ficant exposure w a s  determined bymeasuring the Na24 in the bodies of those exposed. 
Th i s  w a s  done in two ways: (a) bycounting blood samples ,  and (b) by counting the total 
body in a whole body counter.  The neutron and gamma doses  measured in a mock-up 
of the excursion, c a r r i e d  out in  the ORNL Cri t ical  Experiments  Laboratory on June  18, 
provided necessary da t a  to which the Na24  values could be related.  

The evaluation of evidence pertaining to the exposure of personnel is presented inEx- 
hibit V. 

7.  Although it is unlikely that anv future  accidental nuclear excursion would exactly dupli- 
cate the incident sustained a t  the Y-12 Plant. t he re  are cer ta in  aspectswhichwould be 
commc.1 to all incidents. In the interest  of attaining an adequate coverage of such 
i tems. ri number of appendices which support the main body of the r e p o r t  have been 
incorporated. 

* Estimates  taken f rom Table X ,  "Sodium Activation and Dose Es t ima tes  for  Exposed 
Personnel,  I '  f i rs t  collision total dose in r a d s  and estimated RBE dose in  r e m ,  with an 
assumed RBE = 2 for  fas t  neutron dose. 
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Figuro 1 
ACTUAL 55 GALLON DRUM IN WHICH THE CRITICAL INCIDENT OCCURRED 

(Photogroph Token Approximaioly 24 Hours Aftor Critical Incident) 
Looking Wost 
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FINDINGS 

CXUSES O F  THE !J.Cli3L;lT 

I t  is I I C L ~ C V C U  that ;I;.:; :,;,i.ti~n: t i a s  caused by a number of ;r.:c;rdcwndent contributing 
c:rcumstanccs. . i . : l i a i i : i i  < I :  ;.iic\cn weight, EO singie happening can be said to be a prin- 
cipal contrihutor. ':ccor[.;!nui' :. +Iicise i t ems  arc listed with no special  emphasis on the 
o rde r  o i  enumct.a::on. t .  :i .rnc-iic:nq with the general  and proceeding to the specific. 

; . The u:.occss ;)r:3sr' .:. '.I. 1 1 1 ~ ~ i i  :he accident occurred was a tc.r...uorary arrangement en- 
~ ~ o r n p a s s i r : ~  ,~~o:.::o:is u :  ;; : I C W  instattation in the s t a r tup  s t age  ( 5 -  1 LVing), and an old 
. : i s ia i ,n t ;on  .:: :::e sii:~:(ioi~ti 5:;age ( C -  and C \V;ngs). T h i s  si.ranecmcnt was neces- 
=:Iatca hy ( 1 ~ . 3 1 . i  :: ::I( : ! (  ::vation o i  I I C W  faci l i t ies  ;n B - I  i'. .II$ for the conversion of 
, r 3 n y .  : : . : r a t e  < . I . ' . ; : .  I :  ' I , ; ' : in;urr,  te:.raf:iior,.cie. 

T h i s  ;cmlioi';? ?': : . : i : : : , . n : c i I t  01' u:d i3c::;:;,2s combined u i t h  ;)art o i  a new instaiiation 
:$.as a comi)mrr,;sc I):,!':. t.eti ttic customary dctaiied design p-anninq of vaiving, instru- 
mentation, aiiu o ~ h e t .  ~ 3 i ~ ~ 1 i i a t * U s ,  atid a requiremetit fo r  rr,a:ntaininq production during 
:h;s ;nter:m : ) n a s c .  . ' \ . so ,  :he I.csponsibiiity for  the urany. ::Itrate to uranium tetra-  
f.Aori(jc oDcra:ioti t i a s  ;tier-cuv spil t  among threedi f fe ren t  su?drv i so r s  in th ree  physi- 
c-'aity separateciareas.  :::stead of being under a s ingie  5upers:sor  a s  wouid be the case  
.:I thc cornpicti:ti 5 -  I 'LV 111s. Communications were conside-ably compiicated by this 
5 ,tua t ion. 

2 .  . i t  the time o i  :he :nc;dent the uranium processing a r e a s  had been concerned with the 
:.cquircd monthiy accounting of  uranium in inventory, ivhich cccessitated a stoppage Of 
oricrations. However.  a ; ~  opcrations were not stopped o r  star:ed a t  the same time due 
.o t h e  comvtex;ty or' c h t  ns ta i la t ion .  The method of taking Lnventory varied with the 
:'c)rrn 31id co~ice:itrat ;on oi thu uranium. F o r  exampie,  \vhere cquipmcnt contained dilute 
i :ornoeci ieous xJ,u::oris oi l.it'anium, a satisfactory accountmr  zouid be made by taking 
c a n i ~ i : c s  3 1 1 ~ 1  cu?::)ut;iic : I I C  cc>iitetits o i  kno\vn VOLU~I:L 'S .  

In thc 111 o c c s s  r)hasc :\liereinthe accident occurreu,  bccause o i  the high concentration 
o: t he  u r a n i u m  ariu t h c  tc i idencics  of the soiutions to depos:: uranium-bearmg solids, 
niorc  r)I-ec ise accountinq is obtained bv processinq the contents of the S"-diameter "Safe" 
qcomc:try tanKs to uranium tetraf luoride just  p r io r  to the :n-;entory period. In addi- 
* .on. i t  was r c c o g n i z d  procedure to wash, d i smant le ,  and s;: aoout  these 5"-diarneter 
"safe" tanks,  co-lectinq the washings in portable piastic "safe" bottles. 

Ccr tam routine dut ies ,  such a s  the mopping of f loo r s  and :he checking Of equipment 
:hat h a s  underzone minor  maintenance, due to their  s;mpie na:ure and the many varia- 
: ,om involved, have not been explicitly detailed in p rocedures .  Instead, overthe four- 
Teen y e a r s  o i  oncration, genera l  ru l e s  have been formulated ana the task of seeing that 
:'outme a ~ p i  icatLotis coriiorm to these c r i t e r i a  has been ass:gn-.ci to the process foreman. 

.is rcasscrnbicd "saie" :anks ivere prone to leak a t  :he tank ends *:.hen piaced back in 
service a1'tur tlic n:onthly inventory cieanup, icak tes t ing sf reassembled tanks by 
filline with 1v:i:er. ctieckine and draininq pr ior  to  the i r  r e ru rn  :o operation, w a s  prac- 
::ccd. Leak tcstinq with water  was among the previousty rr.entioned routine duties that 
'.$ere not fo:.maiized and w e r e  ca r r i ed  out under the aiscrrr:D,n ana supervision of the 
' i rocess  ioremcn. IOPb405 
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Although this leak testing had considerable utility, as  practiced it deviated f rom the 
intent of two mandatory a r e a  procedural rules  by the incorporationof a 55-gallon d rum 
co collect water drained from "safe" ranks af ter  the leak testing. These ru l e s  a r e  : 

a.  P r o c e s s  iiquids a r e  never to be t ransferred f r o m  a geometrically "safe1' container 
to a geometrically ''unsafe'' container. 

b. 'bnsafe"  contamers  used to collect dilute liquids (such a s  mop wa te r )  must contain 
a charge of cadmium nitrate (a nuclear poison). 

An unfortunate interpretation of the above ruies  was that they did not apply to the leak 
testing of the 5"-diameter ''safe'' tanks,  since the tanks were clean and only water was 
used in the operation. 

The significance of the foregoing, with regord t o  the accident,  is that it furnished the mechanism whereby 
an "unsafe" geometry container ( i . e , ,  the 55-gollon drum) w a s  separated from concentrated uranyl nitrate 
solutions by only a s ing le  valve ( V - 1 ) .  

3 The dismantimg,  cieaning, reassemDiy, and subsequent leak testing of the (2-1 Wing 
"safe" tanks involved a number of dLfferent employees. inciudmg both maintenance 
personnel and chemicai ope rz to r s ,  and usually required seve ra l  eight-hour shifts  f o r  
completion. Under these circumstances,  it is evident that good communications were 
necessary.  

The leak testing practice included the following pertinent routine safeguards:  

a .  The p rocess  foreman in charge a s s u r e s  himself,  by reference to the  operating log 
and bydiscussion with the precedmg shlft foreman,  that the tanks to be tested have 
actually been disassembled.  cleaned, and reassembled. 

b. The p rocess  foreman,  either personally or through instructions to h i s  ope ra to r s ,  
checks al l  valves connecting the tanks to be tested with other  p rocess  a r e a s  and 
determines that their  position is  co r rec t .  In addition, the pneumatic liquid level 
indicators a r e  checked to determine that the tanks a r e  empty. 

c .  During the draining of the leak tes t  water f r o m  the "safe"tanks into a container 
(i.  e.  , in this c a s e  a 35-gallon d rum) ,  an operator  is stationed adjacent to the con- 
tainer to observe the flow of water ,  and safeguard against any unusual development. 

A simple schematic of the piping arrangement  involved in the incident is shown in 
Figure 6 .  

Ear ly  during the shift preceding the accident (1  1 : O O  p. m. Sunday, June 15, to 7:OO 
a. m. Monday, June 16), the process foreman (Foreman  IV") in charge of C - 1  Wing 
noted that solution (wash water)  was present  in the 6" glass  standpipe of the C- 1 
Wing pH adjustment station and directed one of the chemical ope ra to r s  to d ra in  this 
liquid. At 5:OO a. m. Foreman 'Y" again noted liquid in the glass standpipe and 
questioned the forementioned operator  a s  to whether his previous o r d e r  had been 
ca r r i ed  out. Upon in- 
vestigation, Fo reman  IY" found that solution was slowly leaking through valve V-2 .  
Foreman'%"'tightened this valve, stoppingthe leak. (Figure 7 is a photograph of this  
standpipe as found af ter  the accident. ) Foreman  '(Yl'was aware  at the t ime  that the 
B- 1 Wing secondary extraction sys t ems  w e r e  in operation producing uranyl ni t ra te  
product, but believed that the leak testing of the 6 -1 ,  6 - 2 ,  and 1 -2  tanks had been 
completed on the previous Friday. 

This  operator  stated that the standpipe had been drained. 

t02b40b 



17  

.r 
I he c los ino  o t  volve V.2 a i i o w e o  the uranyi nitrate soluticn. wnicn hod been leoking into the pH odiust- 
nenr station sronooioe, '3 ~ C I C K  uo inro the C-I 'IVino "boie" geometry storage tanks (see Figure 6). 

Figure  6 
: l 'APLICiE3 S C r i E M A T I C  O F  P I P I N G  I N V O L V E D  I N  THE ACCfDENT 

A: 7:COa.  ir.. , i.ii:e : . i-oreman '%It :.ei:eved Foreman 'k". Theaccouiitsof whether 
Foreman 'VI' :iotA:t.c: Foreman 'k" of :he above mentioned tiranyl nitrate leakage a re  

.l ; C t . "  , . IC. I.. a n y  c,q.'cnt, no rxention was made of it ;n the operating log. 

Subseauent investigation inoicoted thot vaive V.3 a t  the bottom oi t onK  1-2 w a s  open and that this tank 
contained o suastontiai auantity o i  concentrated uranyi nitrote soiution. This soiution had leaked from 
B- 1 Wing throuqn valve V.1 between Sunday night and 1 :30 p .  m. Monday when Operator "J"  checked 
valve '4-1 ana a o o l i e d  oressure to the handle to assure positive closure. 
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6" GLASS STAND PIPE 

I 

e 

URANYL NITRATE S O W T I O N  
(CONC. -47 gm u ~ ~ ~ /  liter) 

Figure 7 
ph ADJUSTMENT STATION C - 1  WING 

(Photogroph Token Approximately 24 Hours After the Critical Incident) 



T l l r r c  v:i \ rp  .is r?.::intic;n :il:irm m o n i t o r s  i n  t h e  pencrat  arc3  of Eu i ld inc  9212  which en- 
, . : ,m~nssrcj  - I ) ( >  . - i : ~  oi s i 1 1 7  :lrc-:dcnt. T::cse monitors ac:uaIcci z !a : ,~ .  s i i -nns  .;viien the dose 

, ~ ' n t e  :it :!ic ins::.i:mi.nt !>::cv clrd 3 nJ r  p e r  h o u r .  Howevct- . in  tests subsequent to the accident, it 
w o s  determined that a period of 3 t o  5 seconds wos required, after actuation oi the radiation monitors, for the 
alorm sirens to reocn audible soeed. T!ic f i r s t  severai seconds a r c  ttie ~ ' e r iod  of createst  danger 
i n  3. c r i t i c a l i t y  :icc:cirnt. 
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Evacuating to the west when the a l a rm sounded, it appears  that by the t ime  Operator  "A" 
reached a point from which h i s  view w a s  unobstructed, the other nearby employees had 
initiated their  evacuation to the east .  It thus appears  doubtful that Operator  "A" had a n  
opportunity to inform t h e  others  present of his  observations at  the 55-gallon d rum.  

The decision of Employees "C"  and "E" to evacuate to the east  r a the r  than the west w a s  
unfortunate, in that this route  actually led them c lose r  to the 55-gallon drum. I t  does not 
appear from the position of Employees "B" hnd "D" that the path taken would have made 
any significant difference. 

Thot oll of these employees heeded the olorm and instontly evocuated the building must be emphasized. It can 
be stoted unequivocally that fotolities in this incident were prevented by the rapid ond orderly ex i t  of the em- 
ployees. Their action in this monner, to which ot h o s t  one (Employee "A")  owes h i s  l ife, i s  evidence of on 
effective indoctrination in sofety proctices. 

hTCLEAR SAFETY EDUC XTIOK P R O G R A M  

The most recent nuclear safety training, pr ior  to the accident, consisted of a program 
prepared by the Y - 1 2  Radiation Control Department which w a s  presented in a s e r i e s  Of 
sess ions in Februa ry  and March, 1958. Nearly all supervisors  in the plant, as W e l l  as 
al l  personnel i n  t h e  plant who handle uranium, attended a t  least  one session of one-and- 
one-half hours  duration. About 550  supe rv i so r s  and approximately 500 employees,  in- 
cluding a l l  chemical ope ra to r s  and foremen re fe r r ed  to in this report ,  attended. 

This  training included the following topics: 

1. Nuclear safety; the nuclear chain reaction, i t s  prevention and resul ts .  

2.  Nuclear safety in Y-12. 

3. The responsibility fo r  nuclear safety. 

4 .  Methods of nuclear safety. 

This session included detailed information on the recognition ond consequences of o nuclear Occident quite t i m -  
ilor to the octual occurrence of June 16, 1958. 

Plant personnel involved in uranium processingwere given a lecture on the same ma te r i a l  
approximately one y e a r  ea r l i e r .  

In all of the above discussions,  the p r imary  emphasis w a s  on the prevention of nuclear 
accidents. 
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CONCLUSIONS 

CAUSES OF ACCIDENT 

Th is  accident i s  not attributable to the act ion of any single individual, but rather, it arose out of a 
combination of circumstances involv ing the cnaracter of the fac i l i t i es  as we l l  as the behavior of indi- 
v iduals.  

An abstract ,  yet s ign i i icant ,  contr ibut ing circumstance was the inter im status of the enriched uranium 
recovery fac i l i t i es  a s  discussed i n  the sect ion ent i t led F / N D / b / G S .  Far example, the fact  that  the fa- 
c i l i t i e s  for convertins concentrated uranyl n i t ra te in to  uranium tetraf luor ide were spread Over three 
areas seriously compounded the communications problem. Futhermare, C.1 Wing had far years been 
operated under the pr incipies of administrat ive botch control of nuclear safety. The extensive use 
durinq these years o f  eouiprnenr no t  of "nuclear ly safe" dimensions due to  i t s  s ize and shape hod 
previousiy conaitioned pionr oersonnel to the unchallenged acceptance of a 55-gallon drum in the leak 
rest ing o f  the C-1  Winq " s a f e "  tanks w i t h  water. 

In  addi t ion,  the complete exchange of s ign i f icant  information among personnel was not assured, nor 
was the potent ia l  s igni f icance of several observations, now recognized as highly pertinent t o  the OC- 

currence, adequately appreciated. 

It i s  h igh ly  l ike ly ,  i f  not certain, that the accident would not have occurred in  the absence of any one 
of several foctars. Amon5 these are the use of the 55-gallon drum, the inadvertent f low of unident i -  
f ied solut ion between oreas, and t h e  subsequent drainage of th is  solut ion in to  the 55-gal lon drum with- 
out recogni t ion of i t s  composition. 

I t  seems reasonable to concli ide that the accident resul ted largely from an accumulation of observable 
phys ica l  conditions which, thoush unknown in ful l  t o  any ind iv idual  a t  the time, should have prompted 
preventative act ion.  

The committee a lso concludes that, although the environment i n  which th is  event took place and the 
performance of some indiv iduals might have been improved, a nuclear accident w i l l  a lways be wi th in  
the realm of poss ib i l i ty  whenever potent ia l ly  c r i t i c a l  quant i t ies of f iss ionable material are being hand- 
led. 

NATURE OF ACCIDENT 

The accident took place as a resul t  of the inadvertent introduct ion of concentrated uranyl n i t rate SO- 

lu t ion in to  a 55-gallon drum. The energy release concomitant w i t h  the accident occurred during an 
in terva i  of minutes i n  which the ef fect ive react iv i ty  and the power leve l  osc i l la ted a number of  times. 
The nuclear react ion was ul t imately stopped by  the addi t ional  f law of  water in to  the drum. NO SO- 

lu t ion was forcibly expel led from the drum during the power evolution, other than an aerosol. It i s  
evident from a review of the accident that  very s l ight  differences i n  any one of  several control l ing 
factors could have resul ted in  an energy release several orders of magnitude greater than that observed. 
The energy release was however, about ten t imes greater than that resul t ing from previous accidents of 
th is  type. 

EMERGENCY PROCEDURES 

The emergency procedures previously establ ished to  provide for incidents of  th is  nature ond magnitude 
ore considered to have been adequate. The number of people involved aver large areas, as mightbe 
expected, introduced a degree of confusion, causing some delay. However, work progressed, infar- 
matlon was obtained and coordinated, and the bas ic  pr inciples of the emersency plan (that is, personnel 
cvocuation, personnel monitoring, medical  assistance, and radiat ion area isolation), progressed in a 
sat isfactory manner. 

@ ' I 1 ' 
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DOSIMETRY 

The sodium activation of the  blood provided the best estimate of the radiation dose received by expos- 
ed personnel. The indium fo i l  in the badges carried by the Y-12  employees enabled health physics 
personnel to  quickly and ef f ic ient ly  identify highly exposed employees and make preliminary estimates 
of the magnitude of the doses. 
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RECOMMENDATIONS 

E Q U I P  31 ENT I1 ESIG S I'FII 1,OSOl'I I Y 

i .  Ti.ansicrs !'r'om :i r>rocc.ssinc t ra in  lv t i ich  relics t'or nuc lear  safetv on equipment con- 
struction to on(' ~.vliich rrl ics o n  administrative control  should be avoided unless no 
practical  altern:itivr is nvailsble. Thcse  t ransfers ,  i f  made ,  mus t  be conducted under 
cxtrernelv rigid control conditions. Fo r  example, no  s ingle  analytical determination 
should tw cIr1)cnc i rc l  ai)on ior  thc limitation of ;1 batch s i z e .  

4. A n  investiration oI' t l i ( '  use of fiscd n e u t r o n  abso rbe r s  in p r o c e s s  equipment to imple- 
ment nucle:ir snfetv sliorild be act ivr ly  pursued. The prope r t i c s  to be investigated 
should includrl ti iv n(Lri ' ssai-v conficuration and conccntration of rhe a h s o r l x r s  and their  
mectianic:iI 2nd cIii-.mical stabil i ty.  Information i'rom such : . ? ~ t s  w i l l  allow future de- 
sicn decisions t o  l ) ( >  ij.isra on economic a n d  tcclinical considcrat ions.  

The use o f  r m r t r i h l v  iii~s~.Ic containcrs  i n  operatin," arcas incorporar inq "safe" processing 
vcluipmcnt stioiild \ ) I ,  r i ~ ~ i t i  t o  :in ahsolute minimum. 

J 0 2 b 4  I 3  
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The means of communication between shifts,  between operating and maintenance groups, 
and between production and staff cp-oups should be m o r e  highly formalized than is custo- 
mary in t h e  chemical industrs .  

NUCLEAR SAFETY A N D  HEXLTH PHYSICS EDUCATION 

It is recommended that the importance of nuclear safety i n  fissionable ma te r i a l s  p rocess -  
ing plants be restated and re-emphasized periodically to a l l  personnel working in the pro- 
cessing a r e a s .  Although p r imarv  dependence for nuclear safety l ies  in equipment or  pro- 
cedural res t r ic t ions,  it is c l ea r  that only by creating a constant awareness of nuclear 
safety can unusual and unexpected circumstances be viewed in t e r m s  of their  possible 
nuclear hazard.  

Likewise, management and a11 p lan t  personnel should be reinstructed periodically in the 
health phvsics aspects  of potential nuclear emergencies .  

DOSIMETRY AND RXDLITIOX DETECTIOK 

The incident has underlined the urgent need for personnel dosimeters  a t  installations which 
handle fissionable ma te r i a l s .  Records of dosimetr ic  findings should be kept for  each in- 
dividual. Only by requiring t h a t  t h e  best dosimetry available be employed routinely can 
one insure that accurate  dose values will be obtained in  case  of accidents. It is recom- 
mended that a single personnel dosimeter  packet be used. 

1 .  The personnel dosimeter  should be capable of measuring both the gamma and neutron 
dose.  It 
contains the following: 

a. 

X film type badge dosimeter  which fulfills these requirements is available. 

A film sensit ive to gamma energies  ranging from a few milliroentgens to thousands 
of roentgens. 

b. ' An NTA film pack and approximately 1 gram of sulfur for fas t  neutron detection. 

c. Indium foil for rapid identification of individuals who received appreciable neutron 
doses .  

d. Ba re  and cadmium-covered gold foils for slow neutron detection (the gold pe rmi t s  
scanning over  s e v e r a l  days).  

Where economically feasible ,  Hurs t  threshold detectors  in  addition to  appropriate 
gamma detectors  should be located a t  the var ious danger points. The threshold de- 
t ec to r s  would be used to establish the spec t r a l  distribution of neutrons in the neighbor- 
hood of an accidental excursion and the gamma detectors  would aid in establishing the 
rat io  of the gamma and neutron vields. 

2 .  Sampling procedures should be established to determine neutron activation of the 
persons and possessions of exposed individuals. The activation of blood sodium, as 
discussed in Exhibit V ,  is particularly valuable in this connection. A whole body 
counter should be used for the scanning of large numbers of people and for the rapid 
a s sav  of larEe volumes of low level liquids. 

3. A competent, well-informed health physics group, vested with a reasonable degree of 
authority, is vital in properlv coping with the af termath of a nuclear accident. 
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EM ER C E SC S P L :I S SI SG 

.\nv facility conccrn<sc.i .>:it!: : i ! , l >  n roccssinc of  f issionable mate r i a i s  should have a detailed 
cmerccncv  plan. . r ! \ is  rr i : i r i  s i loul t i  c tose ly  coordinate all plant cmer rcncy  activit ies and, 
in applicable :ireas. ~ ~ { I S P  : : : '~ , rptant  coordination should exis t .  Trained local and plant 
C.mer,genc\* squads . i i i c i u i t i  rnxlntained, and the emergency  plan should be given thorough 
tes t ine and pt-riouir rcvi(s:v * I  1 maintain i r s  aucquacy. 

. A s  a minimum,  :i;i5 r ) I  i n  

i n g  polnts: 
o i i i i  ( i n s u r e  that adequate provisions a re  made for the  follow- 

2 .  .Adequate commanic.!:! '!;- ir:ciudinC an information control center  

0 .  Adequate idcnti:ic.!ttciri ( t t '  r)rompr a c c e s s  of' emerqency  personnel.  

7 . M o  bil i z at ion o !' : 1 i c q 11 :t t c t r : i n s  ~ ) o  I* t a t ion fa cili t ie s . 

APPROACH O F  SE-AR CRITIC.AL SOLUTIOSS BY PERSONNEL 

The  followine rccommcndatioii is made Covcrning the approach of a near  c r i t i ca l  solution 
of U 2 3 5  !)v personnc.1. Tlic t.ccornmcndation is based on the analysis  oi the ?ffect, on the 
solution rcact ivi tv ,  I ) <  the neutron reflection by  a simulated human body which is presented 
in Appendix L. .I vi1ssi.l contnininc solution i n  w h i c h  a nuclear  accident has  recently 
occurrcct s h o u l d  1 1 1  : i ~ ~ p I . o ; i c ~ ~ & i  no ii(a:it*er than iive <<.et, ana th t .  r!umbcr of persons  at this 
dis tance should be limitcu I o  one. T h i s  person should be iquippcd w i t h  both neutron and 
he ta-camma SU:TPY m e t e r s ,  the i o r m e r  of a type which is operat ive in a high-level gamma- 
r ay  field. If only n cr;imma monitor is available,  a 1)erson should remain a t  the 5-fOOt dis-  
tance a maximum oI' I O  scconds to avoid possibly incur r ing  signiiicant radiation exposure.  
This  exposure is in ;iriditiun. o f  course ,  to that f rom the delayed gamma rays  which may 
impose additional limitations o n  the minimum approach dis tance.  It is emphasized that 
this  recommendation is ar)plicahle only to incidents stemming i r o m  nuclear  excursions in 
aqueous solutions oi fissionat)lc mater ia l s .  It docs ,  however, include a safety factor  of 
m o r e  than two 011 thc r r su l t  of the analysis .  
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EXHIBIT I .  BACKGROUND TO INCIDENT 

.A discussion of Y -  12 philosot)nv and policy with r e spec t  to nuclear  safety pr ior  to the ac- 
cident is  presented t i t l o i r  11; o rde r  that t h e  reader  might be bet ter  able to visualize the 
circumstances a n d  causes  o: thc incident in  proper perspect ive.  

The t e rm nuclear sat'Cti. connorcs ireedom irom accidental  and unscheduled nuclear chain 
reactions. A nucicnr c i i r i i n  r*r.:lction may occur when a ce r t a in  "crit ical" quantity of fis- 
sionable mater ia l  l ins  accumulated. In the Y - I 2  facil i ty f o r  the recoveryof enriched u ra -  
nium irom fuel fai)ricntion scr3n and other salvage, the feared consequence is not a high 
o rde r  nuclear c,xnlosion. : , t i t  r a the r  the lethal radiation accompanying an uncontrolled nu- 
clear chain rcnction. Strcn r! !!un-rsplosrve nuclear chain react ion corresponds to the re- 
Liction crtrricd out :n :I cc)n:ro!t,*ci manner i n  an atomic r e a c t o r  installation. 

I t  i s  i n  ortipr - 0  t f i s t i n ~ i i i s i i  : ~ * - * ~ . v t ~ ~ n  chemical o rocess ins  facil i t ies for  the  preparation of 
"cold" ('nriciieci u : - a n i i r m .  .iich has relatively little radioactivity,  and those for the re- 
covery of uranium irorn ' L i ~ t ' '  i rradiated reactor  fuel by separat ion from the highly radio- 
active fission products.  T ' IC latter process  m u s t  be constructed behind adequate shielding 
to  protect p e r s o n n e l  i r a m  t'uposure to the ever p re sen t  radiation. Although enriched 
uranium is processed in h o t h  t \pes  of facilities and both a re ,  a pr ior i ,  vulnerable to 
nuclear accidents,  t h e  consequences to personnel in  the vicinity of a nuclear excursion 
a r e  l ikelvto be far morP se r ious  in a "co1d"processing faci l i ty  (such as Y-12) than those 
from a correspondinq accident in a w e l l  shielded "hot" p rocess ing  plant. 

Initiation o i  a nuclear chain rcaction is dependent upon the favorable disposition Of Such 
variables as: m a s s  of uranium, shape and s ize  of s y s t e m ,  reflection, interaction, chemi- 
cal composition, concentration, nuclear poisons, isotopic enrichment.  In practice,  in a 
uranium processiriq facilirv. :tic physical f o r m  of the uranium and the isotopic enrichment 
principallv control thc estent of the processing r e s t r i c t ions  which must be imposed. Fig- 
sr,e 8 Dresents minimum cri t ical  cross m a s s e s  of uranium (i-e. ,  U 2 3 5  + U238) at various 
u 3 3 rnriciimcnts .I * 

From F iCurc  8 it is  s een  that only about 0. 8 kg of g r o s s  uranium of 90% u235 Content iS 
required to achieve cr i t ical i tv  in  aqueous solution under optimum conditions, while nearly 
fiftv t imes this amount of gross uranium (U235 t U238) would be required for  criticality 
with a 5% U 2 3 5  enriched uranium solution. It is also of i n t e re s t  to note from F igure8  that 
over fiftv t im2s  a s  muchuranium of approximately 90% U235  content is required to achieve 
criticality when the uranium is in the form of unreflected mass ive  metal  than when the 
uranium is in a homoeeneous aqueous solution (water ref lected and with optimum moder- 
ation). 

It is also shown i n  F i w r e  8 that the cr i t ical  quantity oi U235 i nc reases  very rapidly as 
the U 2 3 5  rnrichment d e c r e a s e s  below 570, a region of i n t e re s t  in reactor  development. 
Indeed, unmoderated mass ive  metallic uranium containing no m o r e  than 5 7 0 3 ~ ~ ~  byweight 
cannot be made cr i t ical .  

In eeneral ,  two approaches to nuclear safety have been empioyed a t  Y-12. 
follows: 

They are as 

1 .  Administrative Control 

Administrative control of nuclear safety implies a principal reliance upon operations 
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personnel  and their  line supervision to prevent an accidental nuclear  excursion.  R a -  
diation control procedures  specifically define allowable operating p a r a m e t e r s  such 
as  the amount of uranium which may b e  batched in a given container,  o r  the number 
and weights of metal l ic  i t ems  which ma)? be s tored in a given a r r a y .  In a r r iv ing  a t  
values of operating pa rame te r s ,  account is taken of the possibil i t ies of human e r r o r s  
and production accidents  by the application of safety factors  which, though essent ia l ly  
a rb i t r a ry ,  are  sufficiently large to  cover  cer ta in  events that a re  recognized as being 
possible under the processinq conditions. In general ,  these safety f ac to r s  a r e  ade- 
quate to maintain safe ty  despite t h e  independent occurrence of two contingencies Such 
as the insertion of twice the allowable l imitof  uranium in a containerand an  inadvert-  
ent placement of two containers s ide by side.  It is obvious that heavy emphas is  must  
fallupon accuracy in sampling and analytical procedures  under the adminis t ra t ive con- 
t ro l  approach. 

2 .  Geometr ic  Control 

T h e  intent of t h e  ,geometric control approach to nuclear safety is to SO design proc- 
ess ing  equipment, i n c l u d i n c  s to racc  vcssels for solutions,  that no c r i t i ca l  accumula-  
tion can occur  regard less  of other iac tors  such as the quantity of ma te r i a l  in p rocess ,  
i ts  chemical composition, o r  the uroximity of neutron reflecting bodies.  Such S ~ S -  

t e m s  are most  applicable and indeed a re  most  economical f o r  handling free flowing, 
highly enriched (in U 2 3 5 ) ,  highly concentrated uranium where the f o r m  of the des i red  
product does not often change. In t h e  aqueous chemical processing of highly enriched 
uranium. common applications of the geometr ic  approach are pipes of 6 inches,  5 
inches,  and lesser d iameters ,  and pans of I .  5 inches and l e s s e r  depths.  
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In me ta l  working operat ions the preponderance of measu res  must  be based on adminis t ra-  
t ive control ,  while with salvage operations,  wherein dissolution and solvent extraction arc 
employed, there  is a considerable option as to the control approach. 

In the e a r l y  yea r s  of the present  decade, the administrative control approach  w a s  domi- 
nant in the highly enriched uranium ( >  75% U235) recovery facilities at the  Y-12 Plant. 
Uranium salvage recovery  operations were located in Wi,igs C - 1  and C of Building 9212.  
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The processing s t eps  involved and the approximate uranium concentrations a t  the seve ra l  
s t eps  a r e  presented in  t h e  lower portion of Figure 9 .  

Unlike the situation in  industrial safety,  the effectiveness of a nuclear safety program 
cannot be estimated by  the frequencv and severi ty  of minor incidents. However, "nega- 
tive s ta t is t ics"  provide some indication of the adequacy of the program. Such s ta t is t ics  
a r e  acquired throuqh s t u d v  of limit violations in which through human e r r o r ,  p rocess  fail- 
u r e ,  o r  other  means.  one oi the "at least  two" contingencies prevailing from the safety 
factor employed in the administrative control approach is violated. Such situations are 
carefully studied by nuclear engineers as an indication of the soundness of the controlpro-  
g ram.  

In the Y - 1 2  P lan t ,  i n  the C - 1  Wing and CWing areas and in other  a r e a s ,  a total of twenty- 
five such l imit  violations were recorded in a five-year span commencing in 1952. The 
vast majority of these Violations did not involve a close approach to cri t icali ty and were 
caused by a varietv of actions ranging f r o m  analytical e r r o r s  to the inadvertent t ransfer  
o f  enriched uranium irom one a r e a  to another.  However, one incident i n  1956, involving 
+.he pouring oi  enriched u r z n i u r n  solution into a n  l'unsaiel' container,  was of a se r ious  na- 
:ure. a s  it Isas computed +l:st s cr i t ical  excursion could have occurred i f  the depth of liq- 
uid i n  t h e  container had been stiqhtly g rea t e r .  

The above experiences.  coupled with the necessity fo r  an expansion of facilities ar is ing 
f r o m  increased throughputs and attendant l a rge r  inventories, brought into focus the de- 
s i rabi l i ty  of a shift in  dependence f r o m  administrative control to geometric control in the 
uranium chemical recovery operations. 

These considerations resulted in efforts aimed a t  the evolvement of a continuous equip- 
ment t ra in  wherein uranium salvage, f r o m  point of entry to issuance as a pure uraxlium 
compound, would be processed in equipment that was  "geometrically safe". The nearly 
completed B- 1 Wing facility, Building 9212, is the culmination of these developments. 
(See F igure  9). 

It should not be supposed that such transit ion to geometric control is easyof  accomplish- 
ment o r  can be purchased without incurrence of disadvantages. As geometrically "safe" 
equipment is usually equipment of s m a l l  cross-section, flow rates must be high and r e -  
action t imes  must be sho r t ,  which circumstances are sources  of mechanical difficulties. 
In addition. solutions are concentrated e a r l y  in the processing t r a in  to eliminate extra- 
neous bulk as quickly as is feasible,  with the net resul t  that considerable liquid volumes, 
containing uranium of sufficient concentration f o r  cri t icali ty are constantly in process.  

In br ief ,  i t  may be stated that the principal change (from a nuclear  safety standpoint) re- 
sulting from the transit ion from the C-1 Wing facil i tyto the new B-1 faci l i tyis  as followS: 

In the C - 1 Wing facility, the adminis t ra t ive control approach to nuclear safety prevailed. 
Equipment that w a s  not geometrically safe w a s  extensively used. However, as rega rds  
the individual equipment i t ems ,  contained p rocess  solutions w e r e  routinely dilute, and/or 
uranium inventories were small .  Many chances f o r  human e r r o r  in weighing, chemical 
analysis,  transcription, e t c . ,  existed,  but at a minimum; s e v e r a l  such e r r o r s  w e r e  re- 
quired simultaneously f o r  a cr i t ical  incident to occur. Thus,  it is seen that r igid ad- 
herence to  batching procedures and duplication of measu remen t s  and analyses w e r e  the 
principal control responsibilities. 

In the B-1 Wing, the chances for human e r r o r  are vastly reduced. The principal con- 
tingency merit ing concern is the inadvertent t r ans fe r  of concentrated uranium solution 
from "safe" geometry equipment to an "unsafe" container. At a number of points in the 
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R - 1  equipmcnt t ra in ,  concentrations a re  such that t he re  is a high probability that a nuclear 
excursion rcould tie incurred i f  solution were  to  fill bv leakage, o r  other means  of inad- 
ver tcr!  t r a n s f c r ,  such mEndane objects as a waste basket ,  a mop bucket, a desk d rawer ,  
or a \n:orkman's tool bos. Thus,  it is seen that a principal control responsibility is the 
exclusion of "unsafe" containers from the p rocess  area. 

A t  the t ime of the nuclear incident (June 16,  1958), and as is illustrated i n  Figure 9 ,  the 
denitration and hydrofluorination sections o i  t h e  E- 1 facil i tywere not yet in operation. In 
consequence. a temporary arrancement  was made which encompassed a t r ans fe r  DiDeline 
f rom t h e  R - 1  Wing secondary extraction product "sa,e" tanks to th ree  C - 1  Wing "safe" 
tanks and the subsequent operations portrayed in F igu re  9 .  This temporary arrangement  
in C - 1  Wing had the s a m e  charac te r i s t ics  as B-1 Wing.as r ega rds  concentrations of Sol- 
utions and uranium inventories i n  individual equipment i t ems ,  I n  consequence, the s a m e  
nuclear safetv approach as  i n  R - 1  Winc was requi red ;  i. e .  , exclusion of "unsafe" con- 
ta iners  f rom the p rocess  a r e a .  

1 0 2 b 4 2 2  



EXHIBIT II . DETAILED INVESTIGATION 

OF OPERATIONAL EVIDENCE 

Uti J u n e  Ib, 1038, :hd B u . ~ u , i i r  yL12chemicaiarea was in the latcdr s t a c e s  of the required 
.raniurn inventory for t h c  rronth of May. Th i s  accountinq is exnected to balance within a 

i c w  tenths of one ricrcent. i'he inventory is not the m e r e  counting of a large numbdr of 
d i sc re te  objects .  a u t  invoivt's ra ther  the determmation of the amount of uranium contained 

In o r d e r  to improve the chancLs of obtaining an 
accurate  measure  o i  t h e  urar : iurn,  the salvage section of the plant has  been used as an  ana- 
!ytical toot for  the quantitat:ve conversionoi  a l l  of these compicx mlxturcs to purified SO- 

,utions and compounds for 1.vhich the uranlum content can be accura te ly  determined. 

a la rge  variety 01 comuiex mixtures.  

'Ifter the treatment of the saivage ma te r i a l s  generated during t h e  inventory of the r e s t  of 
:he p,ant. t h e  s a i v a q e  Iac.: t t ;es have to h e  inventorled for their  i.esiduai uranium content 
iciore the over-:],.  ,).ant :>,i.ancc can be closed. I t  was this ia:ter operation which was 

ileinq pertorrneci 31 t h c  :,E-(' 01 :he nuclear incident. 

In the interest of nchicvinc a ( loser  inventory balanc? in the salvage facil l t les,  it W a s  

deemed advisable to tbasti a n d  d,smantle for  swabbing some  of the equlprnent, especlally 
t h e  s a i e  geornetrv tanks uscd  for the s torage  of  concentrated uranium solutions. In the 
past. inventory t ' : -~ 'o rs  hau r (,suited f r o m  the undetected accumulation of solid uranium 
compounds . 

As they were prone to leak a i t e r  r eas sembly ,  s o m e  o f  the o lder  tanks were tested prior 
to reuse .  Simpiy fiiling t h d  tanks with water  proved to  be a n  adequate method. The pro- 
cedure involved bringing a 35-gailon d r u m  of water  into the a r e a  which was closed down 
for  inventory. The drum was equipped with a bail so that the existing hoisting equip- 
ment could be used to  eicvate it to  the mezzanine floor f rom which the required water 
(about 1 2  gallons per t a n k ,  in this instance) could be siphoned into the tank to  be tested. 
In C-1 Wing the safe  tanks a r c  suspended jus t  beneath the mezzanine floor. After filling 
:he "safe" tank to overflowing, the d r u m  w a s  lowered to  the floor beiow so that the water 
could be collected a i t e r  the inspection for  ieaks. The water  \vas customarily reused in 
a number of  tanks because ot' the possibility of recovering s m a t i  quantities of uranium 
(value = 15,361 $ / k g )  which otherwise might have been iost. 

Normally the B-1 and C - 1  recovery a reas  w e r ?  s ta r ted  up a t  the s a m e  time af ter  the in- 
ventory period. A f t e r  t h e  May inventory, the B-1 leaching and extraction equipment (See 
Figure 9 )  was ready for operations before the C - 1  a r e a  which rcceived the B-1 product 
under the temporary arrangement  descr ibed in Exhibit I .  However,  in this instance, since 
the re  were adequate s torage  facil i t ies in B-1 Wing (tanks F-318 and F-322) for the ex- 
pected product, the B-  I a r ea  was placed in operation before  the C-1 a rea .  This  was done 
in a n  attempt to rninimizd dquipment downtime. 

A s  illustrated in Figure 1 0 ,  two identical secondary extraction units, known as sys t ems  
1300 and 2300, a r e  contained in B-1 Wing. It is to be noted that the uranyl ni t ra te  prod- 
uct t r ans fe r  piping from the B- 1 Wing "safe" tanks (F-318 and F-322) had no shut-off valvc 
.n B-1 Wing. T h i s  condition was allowed in the interest  o f  m:nimizinq a i r  locking of the 

* Principaliy prepared by H. J .  McAlduff, Production Division, ORO, U.  S. Atomic Energy 
Commission;  and N .  K .  Bernander,  Shift Superintendent 's  Office, J. M .  Googin, De- 
velopment Division, G .  H .  J a sny ,  Chemical Operations,  Union Cat-blde Nuclear Com- 
pany. 
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0 YELLOW URANYL NITRATE SOLUTION NOTICE0 AT pH STATION ABOUT 5 00 A M 

@ 
@ 
@ 

@ CRITICAL EXCURSION OCCURRED I N  55 GALLON DRUM A T  2 OS P M  

@ '4-3 WAS FOUND OPEN AFTER INCIDENT 

@ V - 4 ,  V - 5 ,  V.7. v - 6  A N 0  V - l l  WERE FOUND OPEN AFTER INCIDENT 

@ V - 9 ,  V-IO. V - I 2  A N 0  V-13 WERE FOUND CLOSED AFTER INCIDENT 

V-2  CLOSED AT ABOUT S 00 A M 

V- l  CHECKED CLOSE0 ABOUT 1.30 P M  
SAFE TANKS FSTK 6-1 A N 0  6-2 WERE L E A K  TESTED BY FILL ING F S T K  6 - 2  
WITH WATER THROUGH FUNNEL ON M E Z Z A N I N E  

FIG. IO 
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t ransfer  line. 
and was controlled by the C - 1 Wing process  foremen. 

The p r i m a r y  controi vaive (V-1,  in Figure 1 0 )  was located in C - 1  Wing 

An exammation of r eco rds  and interviews w i t h  operating personnel discloses  the following 
sequence of events m the pertinent sections of B- 1 and C-1 Wings pr ior  to and a t  the t ime 
of the accident: 

B-1 WING - MIDNIGHT SHIFT 

(11:OO p . m . ,  June 15, 1958 - 7 : O O  a . m . ,  June 

1 .  ' h f e "  tanks F-318 and F-322, which collec 

6 ,  1958) 

the secondary extraction product in B-1 
Wing, had been previously cleaned and were  empty a t  the beginning of the midnight 
shift. 

2 .  During this shift,  secondary extraction system 2300 pcoduced between 8 and 10 gallons 
of uranvi nitrate product ( a t  approximateiy 5 0  g U23s/liter) which was fed to the B-1 
Wing "safe"tanks,  F-318 and F-322. 

3. System 1300 ,  during this period, was o n  recycle and no uranyl ni t ra te  solution was 
pumped f r o m  this equipment to F-318 and F-322. 

B-1 WING - DAY SHIFT 

(7:OO a . m .  - 3:OO p . m . ,  June  16, 1958) 

Shortly af ter  the beginning of the day shift ,  sys t em 2300 was shut down and the pumping 
of uranylni t ra te  product f r o m s y s t e m  1300to F-318 and F-322, a t  a r a t e  of approximately 
3.5 gallons per hour,  was initiated. At 1 :30 p. m .  , system 1300 was shut down. Opera- 
tions during this period, including maintenance downtime, etc. , were such that approxi- 
mately 2 0  gallons of uranyl nitrate product were  pumped to tanks F-318 and F-322 from 
system 1300. 

C-1 WING - MIDNIGHT SHIFT 

(11:OO p . m . ,  June 15, 1958 - 7 : O O  a . m . ,  June 16, 1958) 

1.  

2. 

3. 

4 .  

5 .  

N o  equipment had been s tar ted up a f t e r  the inventory break. 

'!jafe"storage tanks 6-1, 6-2, and 1-2  had been cleaned and reassembled and were 
to be leak tested on the day shift (Monday) pr ior  to reuse.  

C-1 personnel were engaged in clean-up work and sampling of miscellaneous solids 
batches,  prior to the resumption of routine operations. 

Foreman 'v", at approximately 1 :00 a.  m. (June 16),  observed wash solution in the 
6" glass  column of the pHadjustment station and told a chemical operator  to drain the 
solution. 

At approximately 5:OO a. m. , Foreman 'P" again noted solution in the pH adjustment 
station and asked the chemical operator  whether his instructions had been c a r r i e d  out. 

I O Z b 4 2 b  



39 

1 0 2 b 4 2 1  

Upon receiving an affirmative answer ,  this supervisor  observed that soiution was leak- 
ing through valve V - 2 .  (See Figure 10.  ) Foreman "YY" then closed valve V - 2  which 
ieads to the pH adiustment station. Valve V - 1 ,  which controls the itow oi concentrated 
uranvi ni t ra te  from B-1 Wing,  \ \ a s  not checked. 

6 .  Foreman "Y", in a subsequent interview, stated that he was aware that the secondary 
columns i n  B- 1 \V ing were operating. 

C - 1  WING - DAY SHIFT 

( 7 : O O  a . m .  - 3:OO p. m. ,  June 16,  1958) 

The re  is conflictmg testimony a s  to whether o r  not the information concerning the leakage 
of concentrated rnateriai Inlo the p H  adjustment station was passed on to supervision On 
the day shift.  I11 any event, no entry to that effect  is found in the operating log. 

The sequence of events occ-rr:ng on the day shift  on June  1 6 ,  1958, has  been reconstructed 
a s  ioliows: 

1 .  Foreman 'k" came onduty at  7 : O O  a .  m. Monday, June  16 ,  1958, and proceeded to com- 
plete t h e  sampiing of nventory mater ia l .  

a .  Foreman "X''did not s t a r t  u p  any equipment in C - 1  Wing. 

b.  Foreman ''X" la ter  stated that he was  not aware that the secondary extraction COl-  

umns in B- 1 Wing were operating a t  that time. 

2 .  At 8:OO a.  m. , Foreman '%V" came  on duty in C-1 Wing. He was assigned to a straight 
day shift and w a s  in charge of cer ta in  specific C-1 operations which a r e  ca r r i ed  out 
on the day s h l f t  on ly .  One of these operations,  on this day, \vas the completion of the 
leak testmgof the C -  1 "safe1' tanks. This  leak testinghad beens t a r t ed  on the day shift 
by Foreman 't'" who left for one week' s vacation a t  the comoietion of his shift  on the 
1)revious Fr:dav. 

3 .  Foreman ' % V I 1  then assigned Chemical Opera to r s  "A1' and "J" to the task of completing 
t h e  leak testing of the rcmainingsafe  tanks. Operator  "Jl'had ieak tested a number of 
tanks on Friday,  June 13, 1958. with another operator  who had also gone on vacation 
at  t h e  end of the Friday shift. On Monday morning, Operator  '!A'' was substituted for  
the emptoyee on vacation. 

4 .  By late morning on June 16,  1958, Operators  "A" and "J" were ready to begin thz leak 
testing of "safe" tanks 6 - 2  and 6-1.  

5. Valves a t  both ends of tanks 6-1 and 6-2 were closed (Valves V - 4 ,  v-5, v - 7 ,  and 
V-8). 

o .  A i j - y a i i o n  d r u m ,  containing water which had been used in ieak testing o the r  tanks, 
was h o i s t c d  to the mezzanine level, and i t s  contents were siphoned into "safe" tank 6-2  
by Opcrator  "J" un t i l  water was observed by Operator "A" to overflow a t  the high end 
o f  tank 6 - 2  and drain into a "safe" bottle connected to the overflow header. 

7 .  A leak a t  the end cap flange a t  the high end of tank 6 - 2  w a s  observed. In the interest 
of loweringthe level in tank6-2 below the s i te  of the leak, vaives V - 4 ,  V - 5 ,  V-7, and 
V - 8  a t  theends of 6 - 1  and 6-2 were opened toallow half thecontentsof 6-2 to flow into 
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a. 

9 .  

10. 

11 

tank 6- 1.  (The supposition being that all  other valves in lines to and f rom these tanks 
were closed. ) 

While the water in 6 -  1 and 6-2 was equaiizmg, Foreman "W" and Operator "JI' checked 
out the piping connecting tanks 6 -1  and 6 -2  to the drain point adjacent to the pH ad- 
justment station. The actual  extent to which associated valves in the piping system 
were checked could not be determmed from interviews with the personnel involved. 

The empty 55-gallondrum (mentioned LII 6 ,  above) was lowered to the main floor and 
positioned under the d r a i n  valve iocated near  the pH adjustment station. 

P r i o r  to drainmg the t e s t  water  f romtanks  6 -1  and 6-2 intothe 55-gallon d r u m ,  o p -  
e ra to r  '9" was instructed by Foreman '%'" to check the valve in the line f r o m  the €3- 1 
product tanks (V-1 ). This  was  done and Operator '9"reported finding valve V-  1 closed. 
However, to be ce r t a in  that the valve was fuliy closed, Operator '3" (a large and power- 
ful man) ,  appiied vigorous p re s su re  to the vaive handle. 

A t  approximately 1:43 p. m. , Operators  "A" and '3" begandraining the leak t e s t  water 
into the 55-gallondrum, whereupon Opera to r  '3" left theC-1 a r e a .  ( F o r e m a n  '%''I was 
occupied in the office. ) J u s t  pr ior  to 2:05 p .  m. , t h e  situation in the immediate vi- 
cinity of the 55-gallon d r u m  was a s  follows: I 

a. Operator  "A" w a s  checking the draining of the water into the d r u m ,  standing ap- 
proximately th ree  feet  from the edge of it. His position w a s  a s  is shown in Fig- 
u r e s  4 and 5 .  

b. Maintenance Mechanics "E" and It'' were engaged in installingductword and w e r e  
in the positions shown in Figures  4 and 5. 

c. Electr ic ians  '%I' and 'b" w e r e  engaged in removing conduit and were in the, posi-  
tions shown in F igu res  4 and 5. 

d. Welder '9" w a s  working on the C - I mezzanine approximately above Maintenance 
Mechanic ''E''. 

e .  Operator '%'I was in the process  of start ing up a n  evaporator approximately 50 
feet due eas t  of the 55-gallon drum. 

f. Maintenance Mechanic 'e" was working on a f i l ter  house on the mezzanine about 
6 feet  northwest of Welder "F". 

At approximately 2:05 p. m. , the following events took place: 

Operator 'h'' looked into the 55-gallon d r u m  and noticed yellow -brown fumes (associated 
with carbitot  and ni t r ic  acid)  r is ing from the liquid. He stepped back and within a few 
seconds noted an odd bluish f lash,  the origin of which he was unable to determine. Almost 
immediately thereafter the radiation evacuation s i r e n  was heard and he s t a r t ed  t o  run  w e s t .  
(See Figure 4 .  ) The liquid continued to flow into the drum. While running west ,  Opera- 
t o r  "A" looked back and noticed a yellowish fog behind him. Upon reaching the w e s t  end 
of C-1  Wing (approximately 100 feet away from the d rum) ,  he slowed to a walk. With re- 
gard to the d rum,  he had observed that it was about one-third full of yellow solution when 
he left i t .  

Maintenance Mechanic '%" noticed a s t range odor just  before the radiation monitor a l a r m  
s i r e n  was audible. Upon hearing the s i r en ,  he immediately stepped off h i s  ladder and 
evacuated east  at a walking pace. (See Figure 4. ) 

I O Z b 4 2 8  
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Maintenance Mechanic 't" noticed that the a i r  had a "smoky look" and left with Maintenance 
Mechanic '2" when he heard the s i ren.  

Electrician 'b" saw a blue flash,  i ike a weiding f lash,  reflected in the white ceiling over- 
head, and smelled a pzcuiiar odor. Upon hearing the radiation monitor a l a r m  siren,  he 
left C - 1 Wing going east  a t  a fast walk. Electrician 'b" obse rved  nothing unusual. He left 
with Electrician 'b'' and evacuated east .  Welder 'p", wearing his  we lde r ' s  hood, noticed 
a blue flash inside his hood j u s t  before the s i r e n  was hea rd .  He jumped off his ladder and 
evacuated east .  Neither Operator  "HI' nor Mechanic "GI' observed anything unusual. 

Mechanic 'e' ' , upon hearing the s i r en ,  evacuated e a s t ,  somewhat behind Welder '9". 

Operator 'Q" mistook the s i r en  noise for that of a s u p e r  centrifuge operating nearby. Upon 
observing others  Leaving eastward,  he shut off the evaporator  and evacuated east .  

RECONSTRUCTION 

The above sequence of eVenfS, when coupled with evidence obtained after the accident cov- 
ering valve positions. solution inventory and analysis ,  and hydrauiic data,  a r e  considered 
sufficient to allow a reasonable reconstruction of the incident. Pertinent items a r e  pre-  
sented below: 

1 .  Valves 

a.  V -  1 was found closed af ter  the accident and was found not to leak in the closed posi- 
tion a t  p re s su res  substantially in excess  of those encountered in normal operation. 

b. V - 2  was found closed and also did not leak under  p r e s s u r e .  

c .  V-3 a t  the low end of tank 1 - 2  was found open. 

d. V-4, V-5, V - 7 ,  and V-8, a t  the ends of tanks 6-1 and 6-2,  were found open. 

e .  V-6 was found to be 5 / 8  of a turn open, but this  c i rcumstance proved to have no 
connection with the accident. 

f .  V - 9  and V - 1 0  were found closed. 

g. V-11, the drain valve on the "safe" tank s y s t e m ,  was found open. 

h. V-12 was found closed. 

2 .  Uranyl Nitrate Volumetric Balance 

a. Approximately 14 gallons of uranyl nitrate product w2re found in B-1 ' 'safe'' tanks 
F-318 and F- 322. This  solution analyzed approximarely 40 g r a m s  UZ35/1iter. 

About 4 gallons of soiution, containingapproximately 47 ,a ti235/liter, with a chem- 
ical impurities composition identical to the solutioncontained in F-318 and F-322, 
were found i n  t he  6-inch glass  standpipe of the pH adjustment station. 

I). 

c .  A small  sample of aqueous solution obtained f r o m  tank 1 - 2  analyzed about 35 g 
It a lso contained a quantity UZ3S/liter and contained carbitol  (extraction solvent) .  

of the aluminum impurity found in the other B - l  s amples .  
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d. 

e .  

Analysis of the slight amounts of residual liquid found in the low end of tanks 6-1 
and 6 - 2  indicated a uranium content of l e s s  than 1 g ram U235/liter. 

The analysis of the contents of t h e  55-gallon d r u m ,  a f t e r  the event, disclosed the 
total quantity of U235 to be about 2 . 5  kg. Due to the natureof operation of the B-1 
extraction system durmg this period, this quantityof uranium could have been con- 
tamed in approximately 10  - 12 gallons of B-1 uranyl ni t ra te  product. (It is to be 
recalled that e s t ima tes  indicated that 28 - 30 gallons of uranyl ni t ra te  product were 
produced m the B- 1 Wing secondary extraction sys t ems  between 11 :00 p. m. Sunday 
night and 1:30 p. m. Monday. ) 

3. Hydraulic Data 

a .  The elevation of tanks F-318 and F - 3 2 2  in the B-1 Wing is approximately 
higher than tanks 1 - 2 ,  6 - 1 ,  and 6 - 2  in the C - 1  Wing. 

20  feet 

b .  Hydraulic tes ts  (Append= D )  indicate that solution contained in tank 1-2 w i l l  pre- 
cede solution contained in 6-  1 and 6-2  when drained. These data a l so  indicate that 
some mrxing occur s  within the system between solutions of differing concentra- 
tions. 

Based on the foregoing information, it appea r s  that the uranyl nitrate solution, produced 
by system 2300 in B-1 Wing on the midnight shift ,  s tar ted flowing a t  a low rate into the 
C-1 a r e a  "safe" tank s torage system between 1:00 and 5 : O O  a . m .  on June 16, 1958.  This 
flow is evidenced by Foreman  'v"' s observation of solution in the pH adjustment station a t  
5 : O O  a .  m. af ter  the pH ad jus tmmt  station g l a s s  standpipe had been previously drained on 
his o r d e r s .  His  closing of valve V-2 allowed a l l  of the flowing uranyl nitrate solution to 
back u p  into the C - 1 Wing "safe" s torage tanks. N o  evidence was obtained during the in- 
vestigation which established thatvalve V -  1 had been manipulated for  any reason p r io r  to 
i ts  being checked by Operator  '9"at  approximately 1:30 p. m. on June 16, 1958. Accord- 
ingly, the assumption must be made that valve V -  1 was  open to a sufficient extent to allow 
the flow of the approximately 4 gallons of uranyl ni t ra te  solution found in the pH adjust- 
ment station g l a s s  standpipe and an additional flow of approximately 10 to 12 gallons of 
uranyl nitrate product f rom B-1 Wing tanks F-318 and F-322 which entered the t r ans fe r  
piping sys t em and partially filled tank 1 - 2 .  The fact that valve V-1 w a s  partially open 
rather  than fully open during the period from 1 :00 a.  m. to 1:30 p .  m. a p p e a r s  to be sub- 
stantiated by the presence in B- 1 Wing tanks F-318 and F-322 of 14 gallons of uranyl ni t ra te  
product which is about half of the total produced by sys t ems  1300 and 2300 on the  midnight 
and day shifts.  

The introduction of the large quantity of leak t e s t  water  into tank 6-2 and the opening of 
valves V - 4 ,  5 ,  7 ,  and 8 ,  to allow t h i s  water to. en t e r  tank 6-1, provided the necessa ry  
mechanism for  some dilution and mixing to occur  in the system. Since the hydraulic data 
indicate a preferential  flow from tank 1 - 2 ,  the opening of valve V- 11 to d r a i n  the system 
allowed uranyl ni t ra te  solution to flow into a configuration (the 55-gallon d r u m )  at a con- 
centration optimized a t  some finite point for a nuclear  excursion to occur.  

1026430 
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EXHIBIT 111 - MEASURES TAKEN FOLLOWING W E  INCIDENT 

Shortly a f t e r  the a l a r m ,  ass is tance w a s  requested f r o m  Oak Ridge National Laboratory 
and the Oak Ridge Gaseous Diffusion Plant. Accordingly, it should be recognized that the 
description of health physics activit ies and other emergency m e a s u r e s  r ep resen t s  the 
combined and joint efforts of personnel from the th ree  Oak Ridge installations. 

PRELIMINARY SURVEYS 

A t  approximatelv 2:05 p. m . ,  June 16, 1958, s i r e n s  of the radiation monitoring System 
sounded the a l a rm in Buildinq 9212. (See Figure 2. ) P e r s o n s  in the enriched uranium 
salvage processing facility evacuated to p r i m a r y  assembly areas according to plan. Im- 
mediatelv followine the  incident, p rocess  supe rv i so r s  equipped with radiation survey 
m e t e r s ,  assernbleu at  t h e  control center  in the 9212 office building hall. (See Figure 3 . )  
The radiation intensitynt t h i s  location w a s  found to be i n  excess  of 1 0 0 m r i h r .  The Plant 
Emergencv Director ,  w h o  was present  in 9212 when the a l a r m  sounded, acted to  put the 
plant emergency procedure into effect, and arranged to activate the emergency control 
center  in Building 9764. T h i s  group of supe rv i so r s  then evacuated the office building and 
made a quick survey of the west and north ends of Building 9212, observing readings of 
from 50 to 100 m r /  h r .  During t h i s  immediate post incident period, radiation w a s  detected 
by laboratory supervisors  at  the north end of the analytical laboratory ( see  Figure Z), at 
first fluctuating in intensity u p  to --1,OOO m r / h r  and short ly  thereaf ter  up to 500 m r / h r .  
Those persons who had evacuated to that point moved on to the south assembly area. (See 
Figure 2 .  ) 

A s  had been anticipated in the event of a t rue  nuclear incident, considerable radiation 
(50 to 175 m r /  h r )  w a s  detected a t  the p r i m a r y  assembly areas. Personnel  assembled in 
those a r e a s  were  instructed immediately to move to Change Houses 9723-19 and 9723-24, 
the secondary control centers .  (See Figure 2. ) 

The radiation detected u p  to t h i s  point made i t  c l ea r  that the incident had occurred within 
Building 9212. with the precise  location yet to be  determined. Consequently, road blocks 
were  established to prevent inadvertent entry into Building 9212. Concurrently,  a survey 
w a s  made along the outside of the pe r ime te r  fence and readings of up to 50 m r / h r  were  
observed until about 2:25 p. m . ,  after which t ime it  w a s  noticed that they had dropped to 
5 to 10 m r / h r .  

Health physicists and supervisory personnel deployed t o  the secondary control centers for 
monitoring and interrogation purposes,  and s teps  were  taken to a s semble  other  available 
personnel f o r  plant-site surveys and monitoring of employees a t  portals.  

During the period from 2:20 p. m.  to 2:40 p. m . ,  radiation su rveys  were  made of the plant 
area to  obtain an over-al l  evaluation of conditions. These  su rveys  indicated that there  
w a s  no direct  radiation or significant contamination in the areas south of First Street  or 
eas t  of the Dispensary Building, 9706-2. The area outside the init ial  delimitation boundary, 
shown on Figure 2 ,  w a s  cleared for re-occupancy by approximately 3:OO p. m. 

* Principally prepared by G.  R .  Pa t t e r son ,  Health Physics ,  Union Carbide Nuclear Com- 
pany, and H. J. McAlduff, Production Division, ORO, USAEC. 
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IDENTIFICATION OF PERSONS EXPOSED TO RADIATION 

Since 1955, s t r ip s  of indium foil (approximately 1 gram each) have been included in the 
security badges of all employees at  Y -  1 2 .  The purpose of these foils is to provide a quick, 
positive means for segregat ing employees who receive a significant radiation dose in the 
course of a nuclear reaction. This  determination is accomplished by the measurement  of 
beta and gamma radiations f rom the radioactive In1 l 6  isotope which is produced by neutron 
irradiation of the s table  In115 isotope in the foil. 

By 2:45 p. m. , the checking of personnel i n  the two secondary control centers, for indi- 
cations of neutron activation of the indium foil in their  badges and f o r  evidence of personal 
contamination, w a s  under  way. Interrogation of persons assembled in these centers  was  
begun in an attempt to es tabl ish the exact location of the incident. At approximately this 
t ime,  very high readings w e r e  detected f rom the indium foil in the badge of Chemical 
Operator "A" who worked in C -1  Wing. .I process  supervisor  questioned Employee "A" 
at  this t ime and concluded that the escursion must have occurred in C - 1  Wing of Building 
9212. The radiation from the indium foil i n  this person 's  badge w a s  positive evidence that 
he had been verv close to a neutron source.  

A l l  persons a t  the secondary control centers  were  checked for contamination and their  
badges were examined fo r  indium foil activation. Those persons whose badges gave evi- 
dence of possible high neutron doses  were directed to the Y-12 Dispensary fo r  fur ther  
t e s t s  and medical attention, and by 3:OO p.  m., the first of these individuals w a s  received. 
Al l  significant badge foil readings were  recorded fo r  fu r the r  evaluation. By 4:OO p. m. , 
twelve persons,  out of approximately 1, 200 surveyed, had been sent to the dispensary.  
During the period from 2:05 to 4:30 p. m.  , all personnel leaving the plant were  checked 
by health physics t eams  f o r  clothing contamination, and every effort w a s  made to make a 
second check for  possible cases of activation of the foil in the badges. Th i s  procedure 
w a s  t ime consuming, and the major  day shift  change a t  4:30 p. m. produced a situation 
whereby hundreds of people would be delayed seve ra l  hours i f  the procedure w e r e  con- 
tinued. Since it w a s  considered that all individuals with a significant exposure had been 
detected bythis  t ime  and that no significant fall-out contamination had occurred,  all badges 
were collected as personnel  passed through the plant gates ,  but personnel monitoring w a s  
terminated. 

It is not intended that the forementioned description of activit ies should convey the impres -  
sion that all actions w e r e  c a r r i e d  out with mili tary precision. An independent observer  
could s ta te ,  with s o m e  justification, that the seve ra l  hour s  following the incident were  a 
period of some confusion. The following circumstances contributed to the situation: 

1. The radiation bu r s t  energized evacuation s i rens  in a number of buildings in which no 
actual radiation hazard existed. 

2.  The 3:OO p. m. shift change involved large numbers  of people who were not allowed to 
leave the plant p r io r  t o  being monitored, and large numbers  of people who were  not al- 
lowed to enter the plant until the situation had stabilized. 

3. The m a s s  exodus of day employees at  4:30 p. m. compounded the above situation. 

4.  The l a rge  number of people involved contributed to s o m e  disruption of communications 
and the necessa ry  flow of information. 

It is believed, however, that  much of the confusion w a s  m o r e  apparent than real, because 
during this period work w a s  progressing,  information w a s  being obtained and passed on, 

1 0 2 b 4 3 2  
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and the basic principles of the plant emergency plan. i. e. , evacuation of personnel, pro- 
vision of necessary medical ass is tance,  isolation of radiation area, and monitoring of 
personnel,  were being accomplished. 

FOLLOW-UP SCREENING OF PERSONNEL 

Badges left at t h e  plant gates were taken to the secondary control  center  for  the purpose 
of obtainine activitv readings. In the course of these and p r i o r  badge checks, about 4,500 
badqe activitv readinqs were  made. Film badges turned in a t  the gates  were subsequently 
processed for dose determinatlons. 

Those persons who had been sent to the Y-12 Dispensary - because of preliminary badge 
surveys - were checked f o r  personal contamination, interviewed briefly, and their  badges 
rechecked. Individuals showine evidence of beta-gamma body contamination were scrubbed 
at the dispensary decontamlnation facility with soap and w a t e r ,  mild acids ,  e tc . ,  until it 
could be assumed that their  hodv counts resulted f rom sodium activity in the blood. Body 
rurvev resul ts  a r e  summarized in  Table I .  

Samples oi  blood and urine were collected fo r  complete blood count and urinalysis. Sam- 
ples were  also sent to  O R N L  f o r  sodium activation analysis  and bio-assay procedures. 
The eight persons with the hiqhest indium foil activation w e r e  given clean clothes and sent 
to be checked in the whole body counter f o r  neutron activation of body sodium. 

The first determinations of estimated individual doses  based on indium foil readings were 
undertaken, and all badges with significant indium foil activation were sent to ORNL for 
more  p rec i se  counting in a gamma-ray scintillation counter.  

During the night of June 16 and the ea r ly  morning of J u n e  17, all indium foil readings 
were re-evaluated, and a l ist  w a s  compiled of 31 persons whose foil  activities indicated a 
possibly significant neutron dose. A t  8:OO a. m. , June 17, those persons were instructed 
to report  to the Y - 12 Dispensary. In addition, investigations w e r e  made to ascertain the 
location of all persons in Building 9212 a t  the t ime of the incident. Throughout June 17 
and 18. persons who might have sustained a significant dose ,  by reason of their  reported 
proximitv to the s i t e  of the incident, were routed through the medical  test  routine. Con- 
current ly ,  indium foil readings were tabulated in o r d e r  of dec reas ing  badge activity and 
individuals high on this l ist  a lso were sent to the dispensary in an effort to make certain 
that eve ry  person for  whom any presumption of significant dose could be made w a s  checked 
through the t e s t  routine. 

Of the eight employees receiving the highest radiation doses ,  s even  were referred to the 
dispensary on the basis  of the initial measurement made on secu r i ty  badges at the sec- 
ondary control centers .  The activated foil  in the badge of the eighth man was detected 
during the checking of badges collected a t  the gates. Th i s  employee received the same 
medical attention given the other seven. 

The use  of indium foil in the securi ty  badges made possible the e a r l y  identification of em- 
ployees who had been in the immediate vicinity of the reaction and facilitated their  segre-  
gation from those employees who had not received sufficient radiation exposure to warrant 
concern. A possible unmanageable flood of employees to the d i spensa ry  was thereby fore- 
stalled. 

SURVEY O F  ENVIRONS AND DETECTION O F  RELEASED ACTIVITY 

Concurrently with the previously described activities, efforts were made to survey the 
snvirons and detect the release o r  subsequent fall-out of f iss ion product activity. High- 
volume air sample r s  were  se t  up outdoors at  the points shown on Figure 2. Sampling was 
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bequn at  approximatelv 3 : O O  p .  m .  Unfortunatelv, this w a s  about 50 minutes af ter  the in- 
cident and 20 minutes after the ventilation supply and exhaust f ans  for the C-1 Wing had 
been cut off. Countinc determinations of the activity collected on these samples  indicated 
a maximum concentration o i  2 .5  s 10-11 p c / c c  beta-gamma activity as of the t ime of ~ 0 1 -  
lection. This  is well below the 10-9 pc/  cc permissible  level of air-borne activity sug- 
gested by the National Committee on Radiation Protection (Table 2 ,  NBS Handbook 52).'' 
I t  should be  noted that t h i s  conservative l imit  is intended to apply to an unknown mixture 
of long-life contaminants; i ts  application to concentrations of the very short-life particu- 
lates and noble qases  i n  t h i s  ca se  is ultrzconservative.  A s  would be expected, no signifi- 
cant a i r -bo rne  alnha contamination w a s  detected. 

Some indication of a i r  -borne contamination released to the atmosphere pr ior  to this  may 
be obtained from two continuouslv recording be ta -gammaa i r  monitors which were located 
in Building 9207, about 3 ,  9 0 0  feet  downwind of the incident, and in Building 9204-1, about 
1 , 4 0 0  feet south of the incident. Both of these instruments  detected the initial direct  
camma radiation from the actual excursion, and both detected subsequent increases  in the 
level o i  atmospheric !)eta-c:imma contamination (see cha r t s ,  Figures 16 and 17). From 
these cha r t s  it can b r  s cen  :!]at ? h c  level of initial direct  radiation reaching Building 9204-1 
*.vas hiener rhan that rcactiinc Buildinq 9207 because of the distance.  The air-borne con- 
tamination, however. r-r>achmi Buildine 9207 much sooner  and in higher concentrations, 
since it was directlv downwind. Because of the ve ry  sho r t  half-lives of these fission 
products (demonstrated on the monitor cha r t s ) ,  and the relatively short  length of ex- 
posure of any persons to the contaminated atmosphere,  the levels of concentration de- 
tected constituted no particular hazard. It can be s ta ted,  with a high degree of confidence, 
that no significant concentrations of these activit ies reached any nearby populated areas. 

Between 3 : O O  p. m. and 4 : O O  ~ . m . ,  survey t e a m s  checked the parkinglotsalong Bear  Creek 
Road f o r  evidence of contamination on the ground, paved areas, or automobiles. NO evi- 
dence of beta-qamma contamination w a s  detected and the automobiles were released f rom 
the parking lots. 

RADIATION SURVEY AND RE-ENTRY OF THE BUILDING 9212 URANIUM RECOVERY 
AREA 

At about 3:30 p. m., June 16, teams of health physicists beganapproximating the site of the 
incident by a series of per imeter  radiation surveys.  Radiation measurements  observed 
were on the o r d e r  of 0.2 m r i h r .  These  t e a m s  then entered the a r e a  and surveyed change 
houses and the south processing a r e a  of Building 92 12. Radiation and contamination levels 
were such that employees were permitted to enter  all areas except those within the secon- 
da ry  delimitation boundarv shown in Figure 2. 

At approximately 5 :OO p. m . ,  an emergency team made a "prel iminary approach'' survey 
of the C - 1 Wing a rea .  The radiation dosage r a t e  at the southwest door of the salvage area 
(approximately 100 feet f rom t h e  d rum)  w a s  60 m r j h r .  When these men emerged from the 
a r e a  a t  approximatelv 5:lO p. m., the can i s t e r s  of the gas  m a s k s  they had worn read f rom 
1 0  to 15 mr! h r ,  indicatinq that significant concentrations of a i r -borne contamination still 
existed in the a r e a .  Subsequent readings oi these can i s t e r s  indicated the expected rapid 
decay pattern of fission products. 

Within a few hours after the incident, personnel were allowed to re-occupy a l l  areas with- 
in Building 9212 other than those a r e a s  north of column Line H. Control stations, manned 
by health physicists and stocked with the necessa ry  i t e m s  of protective equipment, were 
s e t  up in the hallwavs to prevent unauthorized entry into the t e r t i a ry  delimitation area I 0 2 b 4 3 5 shown in Figure 2 .  Authorized persons w e r e  permitted to enter the controlled zone only 
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in t eams  of two or  m o r e .  Each team ca r r i ed  at least  two radiation survey instrumints .  
Required protective equipmcnt included coveralls,  shoe cove r s ,  stocking caps, rubber 
gloves, and either an MS.X "All Service" mask ( u l t r a  f i l ter)  o r  a U.  S. Army assaul t  mask 
M-9  (with M-11 canis ter) .  Each person wore direct-reading pocket dos ime te r s  a n d  a fi lm 
badge, and each was surveved for  personal contamination upon r e tu rn  from the controlled 
zone. 

At 5:20 p. m . ,  an extensive survev was made of C - 1  Wing. 
f rom 6 0  m r j h r ,  100 feet awav, up to 1,400 m r : h r  about I 5  feet f rom the d rum.  

Radiation readings ranged 

By ea r ly  evening of June 16, a f t e r  joint evaluation of available evidence by managemeut, 
radiation control special is ts ,  and p rocess  supervision, the decision w a s  reached that, in 
this instance, the most appropriate  measu re  to be taken as a safeguard against  a r e -  
occurrence of cri t icali tv in the 55-galton d rum,  was the insertion of cadmium metal to 
''poison" the contained solution. Accordinqly, a scrol l  of cadmium sheet ,  18" long, 14" 
in diameter ,  and weighing 8. 9 kilograms was fabricated. At 9:30 p. m . ,  this  s c ro l l ,  ma- 
nipulated witha ten-foot piece of pipe, was dropped into the d rum.  The vigorous reaction 
of the nitric acid with the cadmium resulted in the stripping of fission product gases  from 
the solution, significantly ra is ing t he  air-borne acrivitv level. 

This  had been anticipated, however, and required no change in the planned operations. 
C - 1  Wing and the adjoining C Wing uerc isolated, and a sma l l  fan, exhausting through a 
CWS f i l t e r ,  was s tar ted in C-1  Wing to maintain this a r e a  under negative p r e s s u r e  and 
prevent the spread of the a i r -bo rne  contamination to other parts of the building. 

At 1O:OO p. m.. a sampleof  solution was removed from the drum byremote  handling tech- 
niques and t ransferred to Oak Ridge National Laboratory for  fission product analysis. 
Nothing further w a s  done with the d rum o r  its contents for  about 36 hours.  

The r e su l t s  of a detailed su rvey  of C-1  Wing, undertaken at  10:30 p. m.. June  16, were as 
follows: 

Posit ion 

2 0  ft ea s t  of d rum 
12 ft east  of drum 

8 ft east of d rum 
12 ft  w e s t  of d rum 

8 f t  west of d rum 
12 f t  north of d rum 

8 ft north of d rum 
2 f t  north of d rum 

Reading* 
( r ;  h r )  

1 . 1  
4.7 
9 .  8 
3 . 6  
8. 0 
3.6 
9. 8 

81.0  

The immediate nuclear hazard having been disposed of, the problem of removing the highly 
radioactive solution f rom the operating a r e a  w a s  approached. Several  possibil i t ies.  in- 
cluding (1) removal of the d rum with i t s  contents, and (2 )  direct  t r a n s f e r  of the solution 
into portable, shielded, safe bottles were considered. After deliberation, it w a s  decided 
to install the necessary "safe" geometry tankage in an available radiographic cel l  (see 
Figure 3) east  of C - 1  Wing and to vacuum t r ans fe r  the solution via s t a in l e s s  s t ee l  tubing 

* A l l  readings were taken with an ionization chamber (cutie pie) approximately 3 feet above 
The reading 2 feet  f r o m  the d rum w a s  the floor with the exception of the l a s t  reading. 

made at a height above the floor of approximately 112 the height of the d rum.  
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into this tankage, where it would be allowed to decay p r i o r  to reprocessing.  
t h i s  safe tankage was fabricated and installed during the night of June 17. 

Accordingly, 

Monitoring se rv ices  were  provided throughout thenight of June  17 and morning of June 18 
during the preparations for  the t r a n s f e r  of the solution to  the  shielded, safe s torage ves- 
s e l s .  Dosim-.ters worn by persons installing thevacuum t r a n s f e r  l ine and others  indicated 
that no person received anv  appreciable gamma dose while making these preparations. 
Additional surveys of the d rum,  made during these two days,  give some indicationtof the 
decay of the radioactivity as shown below. 

Date 
Reading 

T ime  ( r / h r )  Position 

June 16 10:32 p .  m.  81 at 24 in. - middle of drum 
June 17 10:30 a.  m.  IO0 at 3 in. - middle of drum - - 
June 18 1O:OO a .  m.  48 .::' at 3 in. ,- middle of d rum 

"Wipes" o r  " smear s"  of the floor near  the drum, at the t ime  of the 10:30 a . m . ,  June 17 
survev,  indicated that su r i ace  contamination had been confined t o  the immediate vicinity 
of the d rum.  The hichest contamlnation detected on these s m e a r s  was up to 250 mrad /h r  
from the s m e a r  itself and  u p  to 16 ,000  d / m  alpha contamination (normal  500 - 1000). 
On June 18. vacuum t r a n s f e r  of the solution from the d r u m  to the safe containers in the 
radiograph cel l  w a s  begun by p rocess  personnel. Radiation detected during t ransfer  varied 
from 52  m r /  h r  to 80 m r /  h r  at  3" f r o m  the t r ans fe r  line. * Radiation a t  the t r ans fe r  line 
duringwater flushingof the drum and lime was.38 m r / h r  during the first 5-galLon flushing 
and 5 m r /  h r  during the second 5-gallon flushing. The empty l i ne  read 1 m r / h r  at the ex- 
t e r io r  surface,  the top of the empty drum read 5 r t h r , ,  and the ex te r io r  surface,  near  the 
bottom, read 30 r j h r  due'to sludge in the'bottom of the drum. T h e  d rum w a s  removed to 
a shielded truck for  t r ans fe r  to Oak Ridge-National Laboratory.  

After the drum w a s  removed, the boundaries of the controlled a r e a  were  moved in to in- 
clude only C - 1  Wing itself. A slightly relaxed control w a s  maintained over  this a r e a  
until necessary investigations had been completed. Spot air s a m p l e s  taken in C-1 Wing 
indicated that ventilation of the area would not contaminate surrounding areas. The supply 
and exhaust ventilation fans for  C-1 Wing w e r e  turned on a t  1:45 p. m . ,  June 18. Subse- 
quent air samples  indicated air contamination w a s  within pe rmis s ib l e  levels,  and by 3:OQ 
p. m . ,  June 18, personnel were  allowed to enter  C-1 Wing itself without respiratory pro- 
t ection. 

Decontamination of C and C-1 Wings s t a r t ed  at 9:30 p. m . ,  June 18, and continued inter- 
mittently fo r  the next s e v e r a l  days as portions of the area w e r e  r e l eased  for decontamina- 
tion by the investigation committee.  Radiation monitoring and smear surveys were  made 
to help d i r ec t  and evaluate the decontamination efforts. 

On June 20, a team, consisting of members  of the investigating committee and UCNC oper- 
ations and development supervision, began the physical investigation of the cause of the 
accident; valve positions were  noted, and samples  of solution w e r e  removed from pertinent 
piping and vessels .  On June  22 and 23 .  the hydraulic tests desc r ibed  in Appendix D w e r e  
ca r r i ed  out. 

On June 2 3 ,  all uranium recovery facilities w e r e  re turned to  n o r m a l  operations. 
L. 
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EXHIBIT IV -NUCLEAR PHYSICS ANALYSIS' 

It is the purpose of th i s  S e C l i O n  of the report  to review the Y-12 radiation excursion as a 
study in reactor  physics. .i specification of the manner and r a t e  of establishment of the 
neutron chain reaction s y s t e m ,  the determination of the t ime  which elapsed between i ts  
f i r s t  becoming cr i t icai  and :ts final r e tu rn  to subcrit ical  together with the power pattern 
within this interval ,  and the mechanism bv which the nuclear react ion w a s  ult imatelyterm- 
inated would constitute a minimal description of the event. Although the p rocess  of transfer 
of liquid f r o m  one vessel  !o  another is fundamentally s imple,  it is co r rec t  to infer from 
the e a r l i e r  description of t h e  present  operation that many of the detai ls  of this  transfer 
a r e  not known even af ter  some careful attempts at reconstruction with non-reactive S o h -  
tions. It  s h o u l d  h e  oointed out, Farenthetically, that although the liquid t r ans fe r  can c e r -  
tainly typ i fy  chemical ooer2: ions in which accidents of this kind m a y b e  expectedto occur, 
it is not believea that :his s a m e  s e r i e s  o i  events would eve r  again ensue, thereby dupli- 
cating the consequences. T!iis discussion nas been undertaken with the pr ime intention Of 
supporting other  measu res  o i  nersonnel exposures by establishing the power-time pattern. 
A n v  value of a detailed a n a i v s l s  to the field of reactor  physics is doubtful for  the reasons 
given above. The re  1s n o  evidence, however, of any basically-nexpected physicalphenom- 
enon. A complete analyticai description of the cr i t ical  event, agreeing with the observa- 
tions, would be qratifsinc anu would sat isfy the scientific curiosityof many readers .  Such 
a description is n o t  possible at t h i s  t ime. 

DESCRIPTION AND ANALYSIS 

A quantity of enriched uranlum solution, sufficient to become c r i t i ca l ,  was accidentally 
drained from a bank of cylinders into the 55-gallon d r u m  during a n  operation when Only 
water  was believed to be in the cylinders.  Th i s  solutionwas followed by a relatively larger  
volume of water ( o r  m o r e  diiute solution) which ultimately reduced the concentration be- 
low the value which would maintain a nuciear chain reaction in the geometry of the drum. 
A grea t  many observations have been combined to present  he re  a qualitative description 
of the course of events w i t h  some  of the details  being recorded in appendices. 

Chemical analysis has shown 50 g U235/liter to be the most concentrated solution avail- 
able for  t r ans fe r  to  the d rum and 2 . 5  kg U235 a s  the m a s s  t r ans fe r r ed .  A plot, Figure 
11, of a sho r t  extrapolation of measured critical dimensions of U23502F2 solutions (- 90% 
U235) gives cr i t ical  m a s s e s  as a function of cr i t ical  volumes in a 21.75 in. diameter  unre- 
flected s teel  cylinder.  It is seen  that the above quantities s e t  7. 6 and 17.2 inches as the 
lower and upper l imits  on the critical height. Since both the sequence of valvhgoperat ions 
postulated and data f rom the hydraulic reconstruction experiments  stipulate some dilution 
of the originai solution a s  it flowed into the d r u m ,  a volume of 5 6 .  2 l i t e r s  containing2. 10 
kg U235 standing at  a height of 23.45 c m  (9. 23 inches) is selected a s  the initial delayed 
cr i t ical  configuration. This  seiection is justified by th ree  f a c t o r s  - the reactor analysis,  
based on the initial conditions, yields t ime intervals consistent with what is believed to  be 
the observed duration of the excursion; the assumed cr i t ical  height ag rees  with both the 
liquid levei estimated in the d r u m  bythe individualstanding nea rby  at the time Of the first 
indication of a reaction and with the distribution of induced activity in the walls of the d rum 
described below. Lf it is assumed that the concentration of the soiution subsequentlyadded 
to the d rum LS uniform and that the volume in the d r u m  reached 180 l i t e r s  when the entire 
* This  section was principally prepared by A.  D. Callihan and J.  T. Thomas,  Crit ical  

Experiments Laboratory,  Oak Ridge National Laboratory,  and J. R. Knight and J. C. 
Bailey, Health Physics ,  Oak Ridge Gaseous Diffusion Plant. 
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2 . 5  kg U235 had been t r ans i e r r ed ,  the mass-voiume reiation in the d rum is described by 
t h e  straight line on the piot. .A comparison of this relation with the cr i t ical  mass-cr i t ical  
volume curve allows an estimation of the reactivity a t  subsequent t imes.  The details  Of 

the analysis a r e  given in Appendix B and the r e su i t s  a r e  in Table II. The reactivity a s  a 
function of the soiution h e q h t  In the drum and of the t ime  a f t e r  delayed cr i t ical  is shown 
in Figure 12. The t ime scal; was derived f rom s o m e  of the post-accident hydraulic meas-  
urements reported in Append ix  D ,  particularly the r a t e  of flow shown inFigure D. 1. The 
duration of the excursion. by this analysis ,  is 20  minutes.  The effects of theneutron ab- 
sorption by the nitrogen and of the neutron reflection by the concrete  floor,  located approxi- 
mately 3 inches below thc d r u m ,  a r e  somewhat compensating and have been neglected. 
The bases  for ,  and the resu l t s  of, the above analysis  a r e  a l s o  not inconsistent with the 
following add it iona i s ignlfic a n t observations : 

Toble I I  

CALCULATED REACTIVITY DURING R A D I A T I O N  EXCURSION 

14.6 23.15 'J.  23 56.2 2.10 

16.4 25.07 1). 87 60.1 2.11 

20.0 27.12 10.68 65.0 2.12 

23.6 29.20 11.50 70.0 2.13 

27.1 31.29 12.3? 75 .0  2. IS 

29.9 32.82 12.92 78.7 2.16 

34.6 35.67 14.04 85.5 2.18 

7,. 10 0 

2.04 7.5 

2.02 11.4 

2.03 12.4 

2.07 11.8 

2.15 7.5 

2.18 0 

*The drum bcfginr to  f i l l  PI zero l ime. 
*.fhl8 m a s 8  in the volume shown at the left wi l l  be critical. 

1. Records from Radiation Monitors 

During the excursion a radiation detection instrument ,  sensi t ive to both neutrons and 
gamma r a y s ,  was operating in Building 9204-3 s o m e  1400 ft.  distant and c r o s s  wind  
f rom C - 1  Wing of 9212. (See Figure 2 .  ) The c h a r a c t e r i s t i c s  of the detector and its 
associated equipment a r e  described in Appendix C .  F i g u r e  13 is a reproduction Of 
i ts  recorded t r ace  during that time. The following discussion is based on a 7x en- 
largement of this record although most of the points a r e  discernible  on the reproduc- 
tions shownhere.  Figures  14 and 15 are  two pa r t s  of the eniargement i l lustratingsome 
of the detail  in the record.  The radiation intensity is observed to first increase ex- 
t remely rapidly from "a", Figure 13,  driving the pen off s ca l e ,  then dec rease  to %", 
repeating to "c", a l l  in about 15 seconds determined by the cha r t  dr ive speed. During 
the next intervai,  the signal oscillated an indeterminate number of t imes.  finally de- 
creasing to about five t imes background, 2 .  8 minutes a f t e r  the first r i s e  in level. The 
upper and lower l imits of some of these pulses,  discernible  on the enlarged t r ace .  a r e  
indicated by 'lull and 'I", respectively. Th i s  (average)  high-intensity field is then fol- 
lowed by a slowly decreasing level of some  18 minutesdurat ion again character izedby 
pulses .  One peak, a t  61 on the sca l e ,  is separated inordinately in t ime fromadjacent 
portions of the t r ace  and may be due to a peculiari ty of  this  detector,  particularly 
since it is not readily identified on the charts-from e i the r  of the air monitors r e fe r r ed  

1 0 2 b 4 4 0  
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2.  

to below. Although this neutron detector is equipped with two sensitivity ranges (25 
and 125 mr/ 'hr ,  full s ca i e ,  respectively), it is believed to have remained on the m o r e  
sensit ive sca l e  during the entire period discounting the inference that s o m e  of the 
discontinuities a r e  due to scale changes. 

The enlargements ,  Figures  14  and 15, of the cha r t  reproduced in Figure 13 were se- 
lected to i l lustrate qualitatively the power pulses which occur red  during the excursion. 
They show the s t ruc tu re  a t  f u i l  scale  and during the extended period of relativelylower 
activity , respectively . 

The ove r -a l l  t ime of the excursion is shown by this t r a c e  to  be 2 1  minutes. The ab- 
sence of a s t rong neutron i!eid within the d r u m  as  it init iallybecame cr i t ical  probably 
means that the cr i t icai  hc iqh t  was reached p r io r  to the initial energy release;  that is, 
even though the system was critical, it did not manifest  itself until it was "triggered" 
at  a low power l e v e t .  ;n a statist ical  manner ,  by ambient neutrons. This  dormant 
period may have been a f e w  t e n s  of seconds,  well within the accuracyof the above es- 
t ima te.  

Two additional radlation monitoring instruments were  operating during the time of 
mteres t ,  both being a i r  s ampie r s  which detect the gamma radiation from particulates 
collected on a fi l ter  surrounding a Geiger tube. F igu res  16 and 17 a r e  copies of the 
r eco rds  f rom these instruments which w e r e  located in Buildings 9207 and 9204-1- 
Each cha r t  shows the direct  radiation f r o m  the excursion and ,  subsequently, the ar-  
r ival  of the air -borne activity. The differences in the interval between the detection 
of these two activit ies a t  the two locations, about 12 minutes and 48 minutes, respec-  
tively, can be qualitatively correlated with the recorded wind direction a t  that time. 
Building 9204- 1 is adjacent to Building 9204-3, the s i t e  of the detector discussedabove, 
so the delay in the a r r iva l  of a i r -borne activity a t  the two locations is expected to be 
comparable and equal to about 3/4 h r .  Th i s  observation is presented a s  evidence fa- 
voring the interpretation of the extended, low-level activity in Figure 13 being direct 
radiation. In addition, of cour se ,  Figure 15 does not typifya radioactivitydecaycurve. 
N o  o the r  quantitative interpretation is m a d e o f F i g u r e s  16 and 17. Figure 18 shows 
one of s eve ra l  t r a c e s  recorded in the control roomof a cyclotron inBuilding 9204-3. 
These t r a c e s  a lso indicate the duration of the excursion to be approximately 20 mln- 
utes. 

The re  a r e  a number of undocumented observations made  with portable radiation d e  
tection instruments in the vicinity of Building 9212 to the effect that the radiation level 
remained constant for t imes of 5 to 15 minutes which is a t  least supporting evidence 
that  the sou rce  of radiation was extended in time. 

Analysis of Induced Activity in the Drum W a l l  

Activity was  induced by neutrons in the components of the s ta inless  s teel  of which the 
d rum was constructed. Analyses of these activit ies yield a t  least  relative values Of 
the neutron exposure and, hence, of the neutron flux a t  var ious elevations along the 
s ide of the drum. The fast neutron m e a s u r e  was der ived f r o m  the activity Of C05' 
ar is ing in the NiS8  ( n ,  p)  Cos8 reaction a s sumingan  80 m b  cross_ section. The thermal 
neutrons w e r e  evaluated from the Cr51 activity f r o m  the C r D O  ( n , y )  C r 5 I  reaction 
with a cross section of 15 barns. The steel analyzed 17.99 and 11.84wt7o chromium 
and nickel, respectively. The data a r e  recorded in Table UI and a r e  plotted inF igure  
19. The r e su l t s  f rom additional samples  f r o m  peripheral  locations a t  t h ree  elevations 
showed no signlficant asymmetry in the flux pat tern in horizontal planes. It is in- 
terest ing to note that the maximum activation occur red  between 3 and 5 inches f r o m  
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R E L A T I V E  NEUTRON E X P O S U R E  ( A R B I T R A R Y  UNITS) 

Figure 19 

ACTIVITY OF STAINLESS STEEL SAMPLES FROM Y-12 DRUM 
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the bottom, and that there  LS some evidence of a symmet ry  in the thermal neutron dis-  
tribution, implying an effect of the s t a m l e s s  s teel  covered concrete floor a s  a reflec- 
:or. If the peak activity IS assoclated with s o m e  weighted cen te r  of reactivity of the 
supercr i t ical  sys t em,  an effective reactor  height of 1 0  inches 1s not inconsistent with 
the assumptions in the above analysis. N o  es t imate  of the ene rgy in  the excursion has  
been made from these v a l u e s  o i  the s teel  exposure.  

Tablo I l l  

R E L A T I V E  ACTIV ITY OF STAINLESS S T E E L  SAMPLES FROM DRUM 
He2 qhl F r o m  Thermal N e u f  ron Fast Neufron 

B o t t o m  0 1  llrrrm .\cf tuation 4cttvaczon 
( i n c h )  ( a r b t r r a r v  unzisi  

1 5 ' 1  1.0 4. a 

13' 1 1.1 4.9 

11'. 1.2 6.1 

(1: 2 . 1  9.1 

;> 2.9 13 

5': 3.8 14 

3'9 3.9 14 

1% 3.8 11 

Center of bottom: Thermal neutron activation = 18: f a i t  neutron act ivat ion = 28. 

NOTE: The above v a l u e s  were obtained by Y ~ spectrometry: radiochemicml ana lys is  of throe 
typical s a m p l e s  save f a i t  neutron activatzoni 5 to 15% lower. 

3 .  Chemical and Radiochemical Analvses; Energy Release 

The number of fissions which occu;red during the power excursion, and hence the en- 
ergy release, has been determined from radiochemical analyses  of samples  of the a c -  
tivated uranium solution. .I\ sample of l imited s i z e  was taken from the top of the liq- 
uid in the drum on  June 16, about eight hours a f t e r  the accidenr. Since th i s  sample may 
not have been representative of the ent i re  volume of the soiution, a pair of samples  
was taken on July 15 from the well-homogenized solution a s  it was then s tored in 
shielded containers. It must be pointed out that  some dilution occurred upon t r ans fe r  
f rom the d r u m  which accounts for  the differences noted in the specific activit ies and 
the solution volumes in the data tabulation. This ,  of c o u r s e ,  in no way invalidates the 
method, provided the volume is measured a t  the t ime  of sampiing. F r o m  the concen- 
tration of appropriate fission products obtained by measuring their  character is t ic  r a -  
diation, the decay constants and the f iss ion yields of the isotopes,  and the elapsed 
t ime s ince the excursion, the number of fissions which occur red  p e r  unit volume Of 

the solution was obtained. A l l  of the analytical r e su l t s  and a weighted 'best valuel'of 
the energy released in the excursion, 2 .  6 x l o z o  MeV f r o m  1. 3 x 1Ol8 fissions. a r e  
given in Table IV. 

It w i l l  be  noted that large discrepancies  exist  in the data of Table IV. A partial  ex- 
planation l ies  in t h e  existence of noble-gas p r e c u r s o r s  of mos t  of the nuclides meas -  
ured in the analysis. A list of these p r e c u r s o r s  is given in Table V.  Gases  of longer 
half-lives obviously have higher escape probabilities f r o m  the  liquid than those of short  
half-lives. Fu r the r  confirmation of this explanation is obtained from observations on 
sampies  of solutions in which the fission concentrations have varied; the difference 

\ 0 9 lo @ gbetween the fission concentration values derived f r o m  ~ a 1 3 9  and Mo99 increases  with 
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T a b l e  I V  

RADIOCHEMICAL AND CHEMICAL ANALYSES AND ENERGY RELEASE ESTIMATE 
- 

\ i o a e  

140 

Ba ' 
La'"' 

Bai3' 

Ce'"' 

ce14* 

Zr ;. 
cs;2- 

Sr '@ 

"Best Value" 

Uranium 

Volume of Solution 180 liter 251.8 liter 

Total Fiss ions 1 . 3  x 10'' Fissions 1.3 x 10" Fiss ions  - 
Energy 2 .6  X IO2' Mev = I 1  kw hr. 

2 3 5  Uranium hlass (From Average Analysis) 2 .5  kg u 

Activltie8 were meaaured bv 3 or gamma countrng ( L: ct.  or Y cr.) or bv rclntrllatlon spectrometry (Y S). 
* * A s 8 ~ I n g  rnlen8lty of 0.54 M e V , =  21.Sqa l 5  

* * * A f t e r  8everal hours srowth in repsreted Ba. 
8 W i t h  ab8orber 

Table V 

PROPERTIES OF NUCLIDES 

F i s s i o n  Y i e l d  
Nuclide /ra'cz:on Gas Precursor 

Sr * Q  0.048 3.2 rn Er 

Zr O 5  

u o  QQ 

cs 13: 

Ea 1 30 

Ba14' 

0.064 

0.062 

0.059 

0.063 

0.061 

"short" Rr 

_ _  
3.9  rn X e  

41 s Xe 

16 s Xe 

Ce'41 0.060 1 . 7  s X e  

~e 144 0.061 - 1 s X e  
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increasing concentration, 1. e.  , increasing heat output. A quaiitative confirmation is 
also furnished by the knowledge that gases  escaped f r o m  the d rum.  The 'background'' 
or" the In Vivo counter a t  Y - 1 2 ,  f o r  example,  was due largeiy to Cs138 a t  5:30 p.m. , 
June 16, and there  was evidence of Rb88 e a r l i e r ;  both of these a r e  daughters of gase- 
o u s  isotopes. In Table I V ,  the apparently low values of the fission concentration in 
the July 15 sampie,  based on Zr95 and Ba14O2 maybe  explained bythe well-known hy- 
drolytic behavior of Zr- and possible s imi l a r  loss of Ba due to  t r a c e s  of sulfate (in ad- 
dition to the loss of 16 sec Xer40) .  Disagreements between values f rom Ce141 and 
Ce144 have not been explained. 

4. Hydra u l  ic R e t  o n s  t r u c t :o n E xp  e r iments 

Considerable e f fo r t  has been expended in a t tempts  to r econs t ruc t  the flow patterns Of 
the seve ra l  volumes of Liquids a s  they were  added sepa ra t e ly  to a somewhat complex 
system of piping, partly mixed therein,  and finally drained into the 55-gallon d r u m  in 
a s t r e a m  of variabie uranium concentration. An aqueous solution of cadmium nitrate, 
adjusted m concentrat;on to approximate the fluid propert ies  of the mislocated uranium 
soiution, together wi th  the voiume of water beiieved approprlate ,  were used in these 
tes ts .  Flow ra t e s  mto the d rum were measured and frequent samples  were obtained 
from both the top of the l iqu id  in the d r u m  and f rom the l ine a s  the drum was filled. 
Although, in pr:ncipte. the anaiyses of these samples  allow estimation of the uranium 
inventory andconcentration in the d r u m a s  a functionof t ime ,  it is not cer ta in  they a r e  
t r u l y  representative of the conditions in the d r u m  on June 16. This  uncertainty may 
be due. for example, to irreproducible mixing conditions, particularly since the first 
emission of nuclear energy caused a t  least  local turbulence. The fill rate was used 
in the above reactivity analysis,  but it has not been possible to co r re l a t e  the time- 
uranium inventory data w i t h  the uranium concentrations required for criticality. The 
resul ts  of these reconstruction experiments a r e ,  however,  recorded in Appendix D. 

5 .  General Observations 

There a r e  two additionai observations which should be r eco rded  for  consideration. 

There was no strongambient neutron f i e lda t  the sceneof  the accident,  the most likely 
source being the O(a, nj?je reaction between the U234 alpha par t ic les  and the oxygen 
in the water.  A s  a consequence, the sys t em may have become wellabovedelayed cr i t i -  
cal  before t h e  power level increased f rom zero.  

The re  was no evidence of the rapid production of l a rge  quantities of gas  or vapor. 
The re  was,  for example, no liquidon thef loor ,  under or adjacent to the d rum,  nor  was 
there  an inordinate amount of localized f iss ion product contamination on the fi l l  tube 
( see  Figure 1 )  except where it was in contact with the liquid. The nature of the proc- 
e s s  in the a r e a  precluded any meaningful alpha particle contamination survey f o r  dis-  
persed uranium. These observations minimize any assumption of vigorous boiling of 
the solution. The re  is no c l ea r  explanation of why the solution was not dispersed out- 
side the d r u m ,  although speculation can relate  the violence of the turbulence to the 
r a t e  and mode of the approach to cr i t ical ,  to the cha rac t e r i s t i c s  of the first power 
su rge ,  and possibly, to the geometry of the vessel .  Comparison of experiences with 
other cr i t ical  accidents '' with solutions shows that large as  well a s  insignificant dis-  
charges  of liquid have been observed in events with the s a m e  energy release.  

DISCUSSION 

An attempt has  been made in the preceding paragraphs to r e c o r d  and interpret  a r a the r  
wide var ie tyof  observations made inconnectionwith the Y- 1 2  radiationaccident on June 16. 
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It is believed, unquestionably, that sufficient enriched uranium soiution was added to a 
55-gallon d rum to become cr i t ical ,  that the concomitant energy r e i ease  occurred du rmg  
an interval of a few mmutes  in which the effective reactivity and the power ievel oscii-  
lated a number of t imes ,  and that t h e  chain reaction was uitimateiy stopped by the addi- 
tion of water to  the soiution, a very fortunate circumstance of the vaive,  through which 
the solution was admitted,  being left open a s  personnel evacuated the a r e a .  The quantity 
of uranium involved and the energy developed in the reaction a r e  moderateiy well known; 
the uncertainty in the duration of the excursion and the fluctuation in the reactivity have 
not allowed an evaluation of the peak power. The potential personnel hazard from the 
ionizing radiation generated in the observed number of fissions is developed eisewhere in 
this report  and is compared with the exposures experienced by empioyees in the vicinity 
of the accident. 

A s  pointed out e a r l i e r ,  it 1s impossible to reconstruct t h e  reactivity-time pattern and there  
a r e ,  no doubt. several  combinations of events which can account for  the observations. It 
is intended to outline very briefly here  one possible sequence. 

With reference to the power-ievel reiation, indicated by the radiation monitor record des-  
cribed in Figure 1 3 ,  the ioiiowing sequence of conditions is suggested. In the absence of 
a source o i  neutrons,  t h i s  system was prompt cri t ical  before any energy w a s  emitted. 
Once s t a r t ed ,  however, the power level r o s e  quite rapidly to a high value. The energy 
from these fissions produced gases  by dissociation, '  reducing the density and driving the 
solution subcrit ical .  Exit of these gas  bubbles once m o r e  made the sys t em prompt cri t ical  
and, with the delayed neutrons a s  a sou rce ,  t h e  power level again rose. This  cycling pe r -  
sisted f o r  an estimated 2.  8 minutes, during which, of cour se ,  the temperature  of the SO- 
lution increased. Boiling* finally ensued, causing a sha rp  dec rease  in density and a con- 
comitant re turn to subcri t ical  indicated by the dec rease  in the instrument deflection to 
about scale  reading "20", Figure 13. Following this s teep descent,  the sys t em sett led into 
an equilibrium condition somewhere in the delayed cr i t ical  range where it was controlled 
for about 18 minutes by vapor formation and, to a l e s s e r  extent, by decomposition gases.  
The system remained deiayed cr i t ical  until the inflow of water reduced the concentration 
to a final subcrit ical  value. 

In previous experiences with accidental cr i t ical  a s sembl i e s ,  described in Appendix E ,  
which have been limited to a single burst  by some  reac to r  shutdown mechanism,  the energy 
r e l ease  has  been f r o m  1016 to 1017 fissions,  a not unreasonable es t imate  of the f i r s t  of 
the seve ra l  pulses in this case.  

It is appropriate to consider ,  briefly, other cour ses  the reaction may have taken and the 
consequences which could have resulted. 

A shutdown mechanism f o r  a supercr i t ical  solution, alternate to a dilution, is the removal 
of sufficient water to increase the chemical concentration beyond that which will support 
a nuclear chain reaction under the other existing conditions. Th i s  removai would be by 
dissociation and vaporization. In this particular instance, the above anaiysis  shows, in 
Figure 11, the l imit  to be about 5 4  g U235/liter with 2.5 kg of U 2 3 5 ,  a value,  incidentally, 
not much different f rom that of the original solution. Had no water been added in the op- 
eration, the excursion might not have been a s  s e v e r e  a s  the one experienced. 

__ - - -. _ _  _ _  . - - - - - - - - - 

* The permanent deformation of a polyethylene l iner ,  present in the d rum during the ex- 
cursion, into the convoiutions of the d rum is evidence that the temperature  of the solu- 
tion a t  least  approached the boiling point. The energy r e l ease  obtained f r o m  the fission 
product analyses Mas adequate to boil the solution. 
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A third shutdown mechanism is a d i spe r sa l  of the fissionable mater ia l ,  the  causesof 
which a r e  ddficult  to predict from past experiences.  

It is believed that the Y - 1 2  incident i s  a point of depa r tu re  for  predictmg the causes and 
effects of possible f u t u r e  acctdents. It does not set a n  upper l imit  to the consequences to 
be expected f o r ,  a s  pomted out  above, t he re  were associated with it a number of unique, 
fortunate c i rcumstances which reduced the problem significantly. A study of this type of 
accident has  been made,8 which is supported In part  by the findings reported h e r e ,  and 
which, in the absence of externally applied shutdown mechanisms,  predicts, muchmore  
seve re  resul ts .  
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EXHIBIT V - DOSIMETRY* 

There  a r e  t h r e e  sources  of evidence from which informatron may  be obtained relative to 
the magnitude of exposure and  absorbed dose of ionizing radiation received by personnel 
a s  a resul t  of radiation that emanated from the c r i t i ca l  m a s s  of U235 solutionaccidentally 
collected in a 35-gallon drum in C-1 Wing of Building 9212 in the Y-12  a r e a  atapproxi- 
mately 2:05 p. m. on Monday, June 16,  1958. These s o u r c e s  of evidence a r e  asfollows: 
( 1 )  the cr i t ical  assembly o r  radiation source ,  ( 2 )  the dos ime t ry ,  and ( 3 )  the clinical symp- 
toms of the exposed individuals. Of these,  ( 1 )  and (2)  will be discussed in this section. 

THE CRITICAL ASSEMBLY OR THE RADIATION SOURCE 

Some of the ea r i i e s t  and most  convincing evidence of the exposure of personnel to a large 
burst  of ionizing radiatlon *&as obtained f r o m  the study of the cr i t ical  assembly hhe 55- 
gailon d r u m ) a n d  f rom observations in t h e C - l  Wing of Building 9212. Three  ofthe work- 
men, Employee "All ,  Employee "Bl', and Employee '*" s a w  the blue glow knownas Cerenkov 
radiation. They dLd not a t  the t ime necessar i ly  a s soc ia t e  this  blue glow witha se r ious  
event o r  an accident,  partly because welding had beengoing on in the a r e a  that same day, 
but its occurrence a few seconds prior to the a l a r m  - in r e t rospec t  a t  least  - indicates  
they must  have been close to a large source of ionizing radiation. 

The second evidence of exposure was the sounding of the automatic radiation a l a r m s y s -  
tem. This s y s t e m  consists of building monitors which actuate an a l a r m  when thedose 
r a t e  a t  the de t ec to r s  exceeds 3 m r  p e r  hour. T h e r e  a r e  six monitors  in the C ,  D, a n d E  
Wings of Building 9 2 1 2 ,  and one of these was only about 50 feet f rom the 55-gallon d r u m  
i n C - 1  Wing. 

The third evidence of radiation exposure,  that was apparent  at the t ime ,  consisted of a fog 
and an odor which may have been produced by the high flux of ionizing radiation. The fog 
may have been the resul t  of fumes from the carbitoland ni t r ic  acid (see Table M. 1)  inthe 
53-gallon d r u m ,  o r  it may have been an illusion caused by d i r e c t  action of ionization on 
the ocular s y s t e m s ,  and the odor may have been caused by radiation produced nitrousox- 
ide commonly associated with ozone. The fog was observed by Employee ' )All ,  and the 
odor was detected by Employee ''All, Employee "B", and Employee %". 

The above (the blue glow, the sounding a l a r m s ,  the fog, and the odor) were the only im- 
mediate evidences of exposure to ionizing radiation. Shortly a f t e rwards ,  a s  the Y-12 em- 
ployees w e r e  evacuated, their  securi ty  badges w e r e  checked with survey meters.  Each 
of these badges contained a sma l l  imbedded indium foil ,  and th i s  activated foil read from 
50 m r  per hour to 8 m r  per hour in the c a s e  of the eight individuals who were exposed in 
the C-1 Wing of Building 9212. Late r  a Geiger counter was piaced against the throat of 
each of these individuals and the counter read f r o m  0.5 to  0 .2  m r  per  hour on these same 
individuals. About t h ree  hours l a t e r ,  when the health physics surveyors  entered Build- 
ing 9212, they obtained highreadings on their  survey m e t e r s  a s  they entered C-1 Wing and 
as they approached the 53-gallon d rum f rom seve ra l  different  directions.  By this time, 
there was little doubt concerning the location of the sou rce  of high levels of radiation in 

* Principally prepared by K.  Z .  Morgan, G .  S. Hurst ,  R .  H. Ritchie,  and L. C. Emerson,  
Health Physics ,  Oak Ridge National Laboratory.  

102b4.53 



the Y-12 a rea .  A n  examination of the sou rce ,  1. e . ,  the contents of the 53-gallon drum, 
the next day furnished unequivocal evidence that indeed a nuclear reaction had taken place. 
An analysis of the contents o i  the 55-galion d rum indicated that a t  that t ime  (24 hours  
a f t e r  the excursion) the d r u m  contamed 180 l i t e r s  of liquid in which were dissolved and 
suspended 2.5 kg of U235, mostly in the fo rm of uranyi nitrate.  In addition, there  was  
a sma l l  amount of solid mater ia l  on the bottom of the d rum.  The height of the cr i t ical  a s -  
sembly a t  the time of the excursion was determined a s  described on page 51 et .  seq. and 
was found to be 9 inches.  The inside diameter  was 21. 75 inches (both measurements  
were made with reference to the inside o i  a plastic l iner that had been fitted inside the 
55-gallon drum). 

A fission analysis of the fuel ( s e e  Table N) indicated that about 1 .  3 x 1 0l8 fissions took 
place during the excursion.* F r o m  a study of the r a t e  a t  which the solution entered the 
55-gallon d rum and f r o m  an examination of the radiation exposure c h a r t s  f rom various 
par ts  of the Y - 1 2  a r e a  ( see  Figures  1 3 ,  1 6 ,  17,  and 18), it was evident that  the reactor  
in the 55-gallon drum had gone through not one but s eve ra l  excursions,  and these alto- 
gether may have lasted over  a period of s eve ra l  minutes. Crit icali ty i s  believed to have 
been reached when a uranyl nitrate solution flowing into t h e  d r u m  from the plastic tubing 
( see  Figure 1 )  reached the cr i t icai  m a s s .  In any event, there  was no violent reaction and 
the solution may have cycled seve ra l  t imes  while the exposed personnel were  nearby and 
a f t e r  they had left the a r e a .  Fi lm badges and pocket me te r s  of the health physics s u r -  
veyors and others  who entered the C - 1  Wingof Euilding9212 about two hour s  a f t e r  the ex- 
curs ion but before the cadmium safety curtarn was dropped into the 55-gallon d rum do not 
indicate any exposure except that received from the fallout contamination, and charts  con- 
tinuously recording the radiation level in s eve ra l  nearby Y-1.2 buildings do  not indicate 
that any other radiation excursions occurred more  than a few minutes following the ini- 
t ial  burst  of activity. 

Crude est imates  were made of the fast neutron dose received by the exposed personnel on 
the basis  of the total number of f iss ions m the d rum,  neutron leakage f r o m  the d r u m ,  and 
the inverse square law. The values,  shown in Appendix H,  a r e  unreasonably large and in 
no way consistent with e a r l y  clinical observations of the exposed personnel. 

DOSZMETRIC EVIDENCE FOR RADL4TION EXPOSURE 

The individuals accidentally exposed w e r e  wearing securi ty  badges which contained a small  
piece of indium metal. This metal  h a s  a s t rong absorption resonance for  neutrons with 
energy nea r  1 .44  ev. It becomes radioactive and is often used to monitor  slow neutron 
flux. However, it w a s  considered that the dose measurements ,  as  indicated bythe indium 
foils,  were not of sufficient accu racy  to u s e  a s  a final basis  for  determining medical t reat-  
ment. Thus, since body fluid analysis  with calibration appeared to provide the most r e -  
liable method for determining exposure,  this method was utilized f o r  quantitative evalua- 
tion of the exposures. 

Both u r i n e  and blood samples  were  counted with sensitive scintillation counters  adjusted 
SO that gamma rays of energyabove 0 .66  Mev and above 2. 0 Mev were indicated on sepa- 
r a t e  regis ters .  Sodium-24 decays pr imari ly  by emitting a beta particle and two gamma 

* An e a r l i e r  calculation applying the Way-Wigner relation and based on a radiation survey 
measurement of 23 r / h r  at  2 feet f r o m  the su r face  of the d rum and taken at 2 0 . 5  hours 
following the incident yielded a n  est imate  of 2 .2  x 10l8 fissions and a similar calcula- 
tions usingunpublished data bySpencer and Hubbleyielded a n  e s t ima te  of 3 . 7  x lOi8fis-  
sions (see Appendix G ) .  
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r ays  of energy 2 .  7 5  Mev and 1 .  38 MeV. 
criminated against activities other  than sodium-24. 

The 2. 0 Mev adjustment of the counters dis-  

Fas t  neutrons from the reactlng assembly entered the body and were  moderated bythe  hy- 
drogen, oxygen, and carbon of which the proteins,  fa ts ,  body w a t e r ,  and other biochemi- 
ca ls  a r e  chiefly composed. As the neutron energy was degraded ,  the neutrons were dis-  
tributed throughout the body in a waywhich, according to the caiculations of Snyder '' Was 
largely independent of the initial incident energy. Most of the neutrons were  captured by 
hydrogen, but some were captured by the normal  Na23 to f o r m  the radioactive isotope 
~ a 2 4 .  

That part  of the body sodium which is in the blood becomes mixed a s  it is pumped about 
by the heart  so that eventualiy t h e  concentration of radioactive sodium assumes  a constant 
value and thus serves  a s  an mdicator of the original total  flux of fas t  neutrons averaged 
over the whole body. This Indicator is substantially independent of body orientation and 
of the t ime spent in the fast neutron field around the reacting assembly .  

The amount of radioact:ve sodium m the blood was, then, the datum which related the ex- 
periment discussed below w i t h  the exposures to gamma r a y s  a s  weil a s  fast  neutronsdur- 
ing the accident. 

MOCK-UP EXPERIMENT 

The mock-up experiment described in Appendix I was designed to  determine the relation- 
ship between the blood sodium activity and radiation dose.  This  experiment consisted 
of f i r s t  determining the gamma dose (Dy) to neutron dose (Dn) ra t io:  Dy/Dn, then deter-  
mining the relationship between blood sodium activity and fast  neutron dose. To accom- 
plish the la t te r ,  a large animal (bur ro)  was exposed to the mock-up r eac to r  which was as- 
sumed to give the same  neutron spectrum a s  the accidental  excursion. The amount of 
blood sodium per mi of blood is remarkably constant f o r  a number of animals ( see  Table 
VI). 

Toblo V I  

SODIUM IN  BLOOD'^ 
(Va in m g / m l  

Dog (plasma) 3.45 

Horae (serum) 3.43 

Monkey (plaama) 3.33 

3.17 Man (serum) 

The burro  was chosen a s  the experimental  animal because i t s  thickness and size approxi- 
mates  man far better than any of the other animals mentioned in Table VI, No correction 
was attempted for the geometrical  distribution of the neutrons a s  they a r e  moderated Since 
it was fel t  that the magnitude of the cor rec t ionwas  insignificant compared to other  e r r o r s  
in the analysis. A mock-up experiment was conducted on June  18, 1958 (see  Appendix I), 
a t  a cr i t ical  assembly which closely approximated the excursion. 

1 0 2 b 4 5 5  
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The ratio of blood weight to total body weight is near ly  the same  in man as  in the burro.  
Measurements have been made of the blood volume of the burro using radiophosphorus 
and radioiodine t r a c e r  techniques. Th i s  is to be 
compared to the s a m e  figure for the standard man of 7 .  7‘30. It is felt that no correction 
is required s ince,  as it was explained above, the blood is essent ia l lya well-averaged t is-  
sue sample.  It is bel ieved that,  for these and other  r easons ,  the burro is a reasonable 
substitute for  a man and may be expected to give r e su l t s  weil within the requirements  of 
this particular incident without corrections.  Measured blood sodium values for those ex- 

The body of the b u r r o  is 6.7’70 blood. 

posed and for the bu r ro  used in the June 16,  1958, experiment a r e  s 
rs 

T A B L E  VI1 

BLOOD SODIUM FOR INDIVIDUALS EXPOSED AND FOR EXPERIMENTAL BURRO 

E m p i o v r e  m g / m l  Serum It 1 

3.2 “B” 

“C” 3 .2  

3 .1  “D” 

3.2 “E” 

Experimental Burro 3.1 

At about 5:OO p. m .  , June  1 6 ,  100 ml of blood w a s  drawn from the eight men  at the medical 
dispensary.  This blood w a s  placed in beakers  and the sodium-24 activity w a s  counted in 
the manner indicated above. On the morning of June 17,  a second 100 m l  w a s  taken. An 
anticoagulant (heparin) was  added to preserve the blood in liquid form. The specific ac- 
tivity of the two samples  is in substantial agreement ,  but the second set seems to be  the 
better.  The dose values a r e  based on the second s e t .  

The bu r ro  blood was withdrawn and piaced in the s a m e  s i z e  polyethylene bottle,  the anti-  
coagulant added, and the sample counted in exactly the s a m e  way a s  the human blood. 
Only the rat io  of the two counts is needed. 

In the mock-up experiment ,  the gamma-ray dose was measured using carbon CO2 ioni- 
zation chambers  which a r e  standard for  shielding work. The neutron dose was measured 
using the absolute proportional counter which is a l so  standard for dose measurements .  
Using these techniques, it w a s  found that the gamma-neutron ratio was 3 . 3 .  However, 
the gamma dose should be corrected by a multiplication factor which is dependent on the 
manner in which the delayed gamma contribution is t reated (see calculational method be- 
low). * The r e su l t s  a r e  given in Table VIII. 

he.TL 
A second par t  of the experiment,  a t  an approximate power level of 300 wat ts ,  w a s  run to 
activate the sodium in the blood of the experimental  burro.  It was eXDOSed 

A neutron dose of 48 r a d s  was given. 
actly the s a m e  procedures  a s  w e r e  used in the c a s e  of the exposed personnel. 

e LU? 1 
Blood samples  w e r e  drawn and counted using ex- 

Thus,  the 

This factor  i s d u e  to  the fact that themock-up r e a c t o r w a s  run a t  a constant p o w e r  level,  
whereas the personnei were exposed to a burs t  or s e r i e s  of b u r s t s .  

* 
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neutron dose to the personnel could be determined by means  of the relation, 

and the gamma doses  by the product of this  neutron dose  and the factors  given inTable  
vn1. 

Toblo V l l l  

CORRECTED GAMMA NEUTRON DOSE RATIO FOR EXPOSED PERSONNEL 

Corrected Gamma-Neutron 
Dose Rat io  

Emplovee 

“A”  

“E” 

A l l  Others 

2.62 

3.03 

2.80 

By th is  means  the neutron dose,  gamma-ray dose,  and total  dose  in r ads  for  theexposed 
individuals were  obtained. (Table X. ) 

Some information on the spectrum of neutron w a s  obtained through the use  of threshold de- 
tectors .  The re lat ive flux density of neutrons for  var ious  energy regions are shownin 
Table IX. 

Tablo IX  

RELATIVE FLUX DENSITY OF NEUTRONS FOR VARIOUS ENERGY REGIONS 

Energy Range Ncutrons/cm2 

Thermal 0.mx 10 11 I 
. .. 

/ Y ’Total Fast . -  2.0 x loi1. 

. 5 kev to 0.75 Mev . 
. 0.75 Mcv to 1.5 Mcv 

1.25 x IO 

- ,- 1 1.5 Mav to 2.5 Mav I . - .” 

0.50 x 10 . _  72.5  Mcv . .  I 
I 

- L J  

This  information shows that the neutrons are predominately in  the  fast region, thus adding 
validity to  the concept of Na activation as a measure  of fast neutron exposure. The la s t  
column in Table X gives the RBE dose in rem assuming a value of 2 for the RBE of fast 
neutrons.  
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Table X 

SODIUM-24 ACTIVATION AND DOSE VALUES FOR EXPOSED PERSONNEL 

f i r s t  Colirsron” First Collrston F i r s t  C o l l t s i o n  
,Ys24 .Veufron D O S P  Lamma Dose  Tota l  D o s e  Es t imated  R B E  Dose  

,kame (mrcrocurres/  cc) ( R a d )  ( R a d )  ( R a d )  (rem)’  

“A” 5.8 x 96 269 365 461 

“E” 4.3 x 7 1  199 270 34 I 

“C” 5.4 x 89 250 339 428 

< l D I ?  5.2 X IO‘& 86 24 1 327 413 

“E” 3.7 x 62 174 236 298 

“F” 1.1 x 18 50.5 68.5 86.5 

“G” 1.1 x l o - “  18 so. s 68.5 86.5 

“ f I ”  0.36 X IO- ’  6.0 16.8 22.8 28.8 

Exptl. Burro 2.9 x lo-‘ 48 rad 

*With an assumed RBE z 2 for fast neutron dose. 
**Cold foil measurementa indicaIed that the thermal neutron dose  was ebout 17, of the fast neutron dose and thus cen be 

nealacted. 

CALCULATIONAL METHOD 

Independent calculations of the total doses received by the individuals were  made. These 
doses  were also based on the sodium activations observed in those exposed. The  dose and 
flux penetration factors for the assembly were  made by assuming a spherical  reactor  of 
radius ro with a neutron-gamma source  distribution proportional to 

sin lrr/ro 
r 

the fundamental mode of c r i t i ca l  operation of a spherical  reactor .  The penetration of the 
radiation resulting from fission was calculated from point source  attenuation data in water 
obtained by the moments method.” The neutron dose t imes  (4nR2) a t  a distance R>>ro 
f rom the reactor  was found to be 1. 08 x It has 
been assumed that R > > r o  in al l  calculations described below. 

The total fluxof neutrons escapingfrom the assemblywas  calculated, yielding a flux leak- 
age factor of 0.35 neutrons escapingper  neutron born in the assembly. The ra t io  of neu- 
t ron dose to the integrated neutron flux (in units of neutrons/fission c m 2 )  in the escaping 
beam was calculated to be 1 .22  x The assumption was  made that 
the spectrum of neutrons did not depend upon the distance f rom the reac tor .  

rad cm2/fission by this  procedure.  

rad cmz/neutron. 

The sodium activation of the blood of an exposed individual was related to the incident neu- 
t ron flux by assuming that neutrons striking the body a r e  captured therein with a proba- 
bility which does not depend on their  incident energy. The capture probability (fc)  was 
estimated roughlyfrom some work ofSnyder andNeufeld to be 0.4.*’ Then one may w r i t e  
for the fast  flux pf which resu l t s  in the activation of N atoms of NaZ4 p e r  cm3 

1 0 2 6 4 5 8  
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where t is the average thickness of the body ( ~ 3 0  cm), a is the total macroscopicab- 
sorption c r o s s  section of the human body for  t he rma l  neutron capture ,  and z~~ is the ac- 
tivation c r o s s  section of ~ a 2 3 .  

For an observed activation of X )IC of Na24 pe r  cm3 i n  the blood (assumed to be the same 
as in the whole body), one may i n f e r  that the fast neutron dose D received by that indi- 
vidual w a s  approximately 

D ( r a d )  = 1 .24  x l o 5  x A 

Table XI gives neutron dose values for the exposed personnel calculated from this equa- 
tion. 

Tablo X I  

DOSE VALUES FOR EXPOSED PERSONNEL BASED ON CALCULATIONS 
~~~~~~ ~~ ~~ ~ ~ 

First Collision First Collision F i t s f  Collrston 
Total Dose Estimated R B E  Dote Veutron Dose Gamma Dose 24 N a 

Employee fmicrocurtes/ccJ ( R a d )  (Rad) (Rad)  (t4m). 

“A” 5.8 x 10-4 72 211 283 355 

“E” 4.3 x 53 156 209 262 

“C” 5.4 x 68 199 267 355 

“D” 5.2 x 64 189 253 3 17 

“E” 3.7 x 10-4 46 135 181 227 

“F’t 1.1 x 1 w 4  14 4 0  54 68 

“C’? 1.1 x 14 40 54 - 68 

“H” 0.36 x 5 13 ia 23 

*Wltk an assurnmd RBE = 2 for f m s t  neutron doso. 

The gamma dose incurred a t  the t ime  of the incident and within the few seconds following 
was due, principally, to  t h ree  sources:  (1) prompt gamma radiation result ingdirectly 
from the fission process ,  ( 2 )  capture  gamma radiation resul t ing from neutron capture 
within the assembly, and (3)  delayed gamma radiation f r o m  the f iss ion products withinthe 
assembly. Both the prompt gammas  and the capture gammas  are emitted within a very 
short  t ime interval following the fission events and a r e  distributed in the Same geometri- 
ca l  pattern as a r e  the fission neutrons. This  pe rmi t s  a calculation of the gamma-neutron 
dose ratio f rom these two sources .  The contribution to thedose  delivered by the delayed 
gamma radiation must be t reated in  a different manner  for two reasons: (1) convection 
currents  and the turbulence caused by bubble formation tend to dis t r ibute  the fission prod- 
ucts evenly throughout the solution, and ( 2 )  delay gamma s o u r c e  strengths are strongly 
t ime dependent in the few seconds following the fission events  so that  any subsequent mo- 
tion of the exposed persons affects the gamma-neutron ratio.  
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The manner inwhich the delay gamma contribution is obtained i s ,  of necessity,  determined 
by the transient behavior of the assembly. For  the purpose of this analysis,  it was a s -  
sumed that the employees were  exposed to a single excursion, but that their  individual 
actions in the few seconds following the excursion resulted in an  al tered gamma-neutron 
dose ratio. Such an assumption resu l t s  in a delay gamma dose estimation which is slightly 
larger  than that obtained by assuming a constant power assembly. Three  separate  c a s e s  
were treated.  

1. 

2. 

3. 

Case I (Employee "A") - This  empioyee was exposed to the ful l  complement of prompt 
andcapture gamma radiation, but, a s  he apparentlyleft  the a r e a  f i r s t ,  it was assumed 
that only the-first  f ive seconds of the delay gamma spec t rum contributed to his dose 

Case II (Employee I,") - This employee was also exposed to the prompt and capture 
gamma source ,  but the gamma-neutron rat io  was adjusted to take into account an  a s -  
sumed 15-second exposure to the deiay gamma spec t rum and, fur ther ,  that his exit 
took him to within 10 feet of the assembly. This c a s e  gives the largest  gamma-neu-. 
tron ratio used in the analysis  and reflects the fact that this employee was apparently 
the las t  to leave the a r e a ,  and, consequently, saw m o r e  of the de laygammaspect rum.  
This procedure r e s u l t s  in an 870 increase in the total gamma dose over  the constant 
distance - 15-second exposure case ,  and is thought to represent  the maximum in- 
c rease  that could have occurred for any of the personnel. 

Case I11 (Employees Other  Than 'h" and 'k") - These  employees were assumed to have 
received the fu l l  contribution of prompt and caDture gamma radiation, but like Case  I, 

I 

the delay gamma were  received 'at a constant distance and, like Case  1I, the f i r s t  15 
seconds of the delay spec t rum was effective. 

The differences in exposure ,  due to the presence of delayed gamma rays ,  were found 
to be sma l l  ( see  Table VIII), and the resu l t s  for C a s e  111 were used in calculating the 
gamma doses  for  the whole group. This study shows that the actions of the exposed 
people, immediately a f t e r  the excursion was initiated, probably did not affect mate-  
rially the delayed gamma dose received. 

The spectral  distribution for  the prompt and de iaygammas  and the time dependingfor the 
delays were obtained f rom recent data of Peel le ,  Zobel, Love, and Maienschein,*' while 
the spectral  distribution fo r  the capture gammas was obtained f r o m  Glasstone. '  The 
prompt and capture gamma sources  were assumed to be distributed in the same  manner  
a s  the fission neutron s o u r c e ,  i. e . ,  spherical  with a l S i n  n distribution. The leak- 
age of delayed gammas  f rom the assembly was ca1c';lated by assuming a homogeneous 
source distribution and by applying standard build-up factors  to the exponential absorp- 
tion t e r m s  determined fo r  each of the sources .  

A cr i t ical  concentration of 50 g r a m s  of uranium p e r  l i t e r  w a s  assumed to have existed a t  
the time of the incident. The corresponding atom density was then used to determine an 
effective absorption coefficient for the solution. When this  atom density is combined with 
the calculated value for the non-leakage neutron flux, the capture gamma source  t e r m  
may be determined. The total  gamma dose is not great ly  a l tered by assuming other  con- 
centrations since the effect on the absorption coefficient is sma l l  and, although the cap- 
tu re  source  t e r m  va r i e s  l inearly with concentration, the capture gamma dose r ep resen t s  
only some 2070 of the total  gamma dose from a l l  sources .  

The calculated doses  a g r e e  reasonably well with the values derived from the experiment. 
It is felt that the la rges t  uncertainty in the calculations described l ies in the determina- 
tion of the probability of capture of incident neutrons in the body. 
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In o rde r  to make a valid comparison between the gamma dose received by the bur ro  and 
that received by those involved in the accident, one must  take into account that the relative 
contribution of fissior. product qammas was different in the two c a s e s .  The gamma dose - 
neutron dose rat io  in the radration field to which the bu r ro  was exposed was determined 
by sepa ra t e  measurement  of the gamma and neutron dose r a t e s  during steady s ta te  opera- 
tion of an experimental water-moderated assembly. The ra t io  was determined a t  approxi- 
mately 3 minutes af ter  the beginning of operation. A calculation of the gamma doses  p e r  
fission in the two casesyielded correct ionfactors  to be applied to the gamma dose  - neu- 
tron dose rat io  for bur ro  exposure to obtain the gamma dose - neutron dose rat io  for the 
accident. Since the dif- 
f e r ences  were small ,  the vaiue 2 . 8  was assumed for  the whole group. 

The corrected gamma-neutron rat ios  a r e  given in Table VIII. 

COMPARISON OF MOCK-UP EXPERIMENT AND CALCULATIONAL METHOD 

It should be emphasized t h a t  both the experimental  and calculational approaches to es -  
tablishing the dose a r e  based on experimental values of Na24 activity in the blood of the 
persons involved in the accident. They drffer  in the manner  in which the Na24 activity is 
transiated into neutron and gamma dose. 

The assumption is made throughout that the neutrons spec t rum in the neighborhood of the 
c r i t i ca i  assembly  does not depend upon distance f rom the assembly .  Wall and floor scat-  
tering of neutrons may invalidate this assumption to some extent,  but unpublished data 
by Hurst and Mills,  obtained at the Lady Godiva assembly  a t  Los Alamos, tends to sub- 
stantiate it for the distances which a r e  of interest  here.  

OTHER METHODS 

Two other  l e s s  quantitative methods of estimating the dose a r e  repor ted  inthe Appendices 
J. ' k s t i rna tes  of Dose Based on In Vivo Body Counter," and K ,  ' (Estimates of Dose Based 
on indium Foi ls  Measurements.  'I 

COMPARISON WITH 1946 LOS ALAMOS EXPOSURES 

On May 2 1 ,  1946, a cri t icali ty acc identoccurred  in one of thefaci l i t iesof  the Los Alamos 
Scientific Laboratories.  Eight persons were  exposed to the ionizing radiation in amounts 
comparable to those received during the Y -  12 incident. The dos ime t ry  problem was s imilar  
in that f i lm badge dos imeters  w e r e  not worn in e i ther  case .  The a r e a  in Y-12 in which 
this accident occur red  was one in which only insignificant amounts  of radiation a r e  nor- 
mally present.  Accordingly, film badge dos imeters  were  not worn by the employees. 

Thus, a s  in the Y- 12 case ,  the Los Alamos investigating commit tee  used the blood sodium 
activity in their  estimation of the neutron dose  received b each of the eight persons ex- 
posed. In e s sence ,  the technique consisted of using Nazzac t iv i ty  to measure  the inte- 
grated the rma l  neutron flux and f rom this to compute the associated fast  flux. This fas t  
flux is then converted into dose units by assuming an  ave rage  energy  for  the leakage spec- 
trum. To account for the effect of the higher energy neutrons,  a factor of 3 w a s  arbi-  
t ra r i ly  applied to the estimated doses .  This  final f igure is considered to be the "most 
probable" dose. 

While e s t ima tes  of the neutron component of the Y-12 doses  may  be obtained bycompari-  
son of the Na24 activity of the Y-12 employees to that of the Los Alamos personnel, the 
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est imates  so obtained will contain a l l  of the assumptions and inaccuracies inherent in the 
calculations made 1 2  y e a r s  ago. 

The technique of comparison consis ts  in averaging the neutron dose p e r  unit blood s e r u m  
activity fo r  the Los Alamos c a s e s  and multiplying this into the blood s e r u m  activit ies found 
for the Y-12 cases .  

The rat io  of neutron dose per  unit volume activity of Na-24 for the Los Alamos cases w a s  
0.84 rad per  disintegration per second p e r  c c ,  while f o r  the Y-12 c a s e s  the rat io  was 2 . 0 .  
There  are  seve ra l  possible reasons for this difference;  e. g. , (1)  the capture  c r o s s  section 
used by Los Alamos was 23% higher than the value used for  the Y-12 c a s e s ;  ( 2 )  a n  est i -  
mated energy was used fo r  the leakage neutrons for  the Los Alamos c a s e s  r a the r  than a 
calculated value. 

A g r o s s  underestimate of t h e  total dose would be obtamed byapplylng the above technique 
to the gamma p i u s  neutron dose mstead of j u s t  the neutrondose s ince the gamma to neutron 
dose rat io  was considerably different f o r  the two accidents. The difference 1s due to the 
fact that the Y - 1 2  incident involved a moderated homogeneous sys t em whereas the L O S  

Alamos incident involved a beryllium reflected metal  system. 
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A P P E N D I X  A 

A. 1 

Y-12 EMERGENCY PLAN AS APPLIED TO NUCLEAR ACCIDENTS 

The followinq a r e  tne Y-12 emerqency procedures as  applied to  a nuclear accident. With the 
exception of Part  E, x n i c h  1s the 9212 buildinq radiation alarm procedure, this information is con- 
tained in the  y-12 Eceraency :.:clnuai*. 

I Plan !or Copina with a Critical Reaction 

I1 9212 3uildinq Radiation Alarm Procedure 

!I1 Czeroency Philosophy 

:V Sezeral Ecerqency Plan  

’.’ ?,esoonsibilities of Line Oraanization 

‘.‘I Pesponsicil i t ies of the Plant Emeruency Director 

VI1 ?esponsibilities of Y-12 Emerqency Service Units 

PLAN FOR COPING WITH A C R I T I C A L  REACTION 

Operational Phllosophy 

If a cri t ical  reaction OCCUTS, t5.e followinu things should be done in the  order named: 

1. Evacuate personnel from the a rea  involved, and make any necessary  operational changes. 

2. Rope off or mark unsafe a reas  to avoid unintentional r e e n t r a n c e  and exposure of personnel. 
3. Study the  situation and plan for further action, including determination of the extent of 

exposure recelved by personnel. 

Rndlatlan Exposure 

Exposure durina radiation emerqency work should be held to a minimum and no one engaged in such  
work should be permitted to  receive a dose m e x c e s s  of 25 r without explicit instructions from the  
Plant Emergency Director. 

Procedure 

All  plans to  cope with a critical reaction should include: 

1. Means of recoqnizinq a crit ical  reaction. 

a. A critical reaction miqht be recognized by one or more of the following phenomena 
followed by positive verification with a high range gamma meter: 

(1) A blue alow or naze. 

(2)  Fuming and steaminq of a vesse l  containing quantit ies of fissionable material. 
(3) Audible signal initiated by recordinq gamma meters. 

(4) Observance of unusually high gamma readings over a wide area, where not routinely 
expected. 
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2. Procedures concernina personnel. 

a. 

5. 

r L. 

d. 

e. 

i .. 

All personnel should be promptiy evacuated to a point a t  l eas t  500 feet from tne SUS- 

pected critical accumulation or until the radiation level is l e s s  than 12.5 mr/hr. 

Personnel s e l e c t e i  irom the emeraency pnone listina should be notified immediately SO 

tney can assembie a t  the emeraency cor,:rol center. 

The health Fhys ics  Departments ci 0P:;L and ORGDP should be contacted to lend 
ass i s tance .  

The  security badaes of personnel m or near t h e  vicinity of the reaction should be moni- 
tored wi tn  an Eltronics or emiva len t  a o n n a  survey meter and readings recorded alona 
with names and badae, numcers. Dosaae snould be obtained by use  of the calibration 
table supplied cy t n e  Plant Zneraency yirector*. 

All individuals wnose badaes snow evioence oi radiation exposure, and those  in the 
vicinity oi t n e  accioent,  should :-e laKen to tne dispensary ;or medical attention. 

The  Lediccll Eepartrrents o! ORIiL 9 , ~  G%CP should be notified to stand by ii needed. 
The Gak R i i a e  a r i  091% Eospitzis ynould be notified to be prepared to receive 
casualt ies.  

- 

a .  Personnel engaged in emergency work in a reas  of 125 mr/hr. or greater should wear a 
high ranae dos i r e t e r  or be accompanied c y  a man uslng a survey meter, and b e  relieved 
of emeraency work after receivina a dose  o! 25 r. 

3. Procedures concernma the radioactive area. 

a. Trained personnel should nonitor toward tne area of the reaction and es tab l i sh  boundary 
l ines at intensit ies of 12.5 mr/hr. and 125 mr/hr. Guards should be  posted so as  to per- 
mit only desiqnated personnel to pass within the 12.5 mr boundary. 

b. Rehabilitation and decontamination operations should not be commenced until direct 
uuthorization is aiven by t h e  Plant Eceroency Director, wno will alve such  directions 
only after a tnorouan study of the situation by qualified plant personnel. 

4. Desirable information to  be  obtained by the Plant Emergency Director. 

a. A Plot plan of the emergency area ,  showing locations and movements of personnel in- 
volved and dosaaes  as determined from security badges,  should b e  prepared for u se  of 
medical personnel, the Plant Emerqency Director, and for future reference. 

9212 BUILDING RADIATION ALARM PROCEDURE 

General Information 

The purpose of this outline IS to d e s a l b e  the procedures necessary for the protection of personnel 
in the event of a monitor alarm in Buildins 9212. 

1. Monitor Alarm - A nonitor alarm is defined as an emeraency condition, possibly resultinq 
from an excess  oi radiation within an  operating area. Such an emeraency is indicated by 
the activation of the s i rens  and be l l s  of the monitoring system. 

* A l l  personnel badses contun  an indium foil for the detection of neulrons. 
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! t  IS e rpnas i zea  tnzt i condition aivinq rise to  a monitor alarm can be serlous. The  only 
"~ro tec t ioz"  proviaea cy tne alarm system is 3: warnina that an emeraency ex i s t s  so that 
evacuation can :e initlated imrneaiately. In case of a monltor alarm, quick orderly evacu- 
ation cy tne  most i irect  route away from :he processinq a rea  is the best  path to  follow. 
evacuation route cnms srswina the various evacuation routes a re  posted throughout the 
buildina. .i copy ot :nis cnart 1s included as m r t  of the  procedure. 

- 

Local Ereroency -:rector - T?,e C-Wina foreman will be the Local Emergency Director. dl 
other sr.:it !cremen 1::dI report to and aid him durina an emeruency. The  Plant Shift Super- 
intendent .;:ill b e  t ~ e  F!mt Zreraency  Director and, during the  time of emergency, the 
Local Erxraency 7irector wil l  report to  him. 

Lionitor Systerr! - 7 P roni tor  s y s t e m  is composed of six permanently mounted radiation de- 
tecticn irstru-ents. ; siren s y s t e m  crudible throuqhout the buildinq, and an annunciator 
sys tem WSICI :  i"3icz:es t ne  location of an activated monitor. The locations of the  monitors 
x e  sno:vn cr. :r,e r z v i n u .  ?e annunciator l iants a r e  located in the headhouse corridor, 

the mnui-aatcr r ~ n c ? . ~  ir, tne w e s t  end of the office wing corridor. Monitors arc? set to 
x t i v a t e  ire qiyr- "-':en tne radiation ievei exceeds  3 mr/hr. 

All rnonitcrs i:e cr.scr.ed daily and activated weekly u s l r a  a radium source. h y  monitor 
:ailma to act norr.aii; is repcrted to the Electrical Department a t  once,  and the instrument 
is inmediately repiacea. E i c h  monitor is checked monthly by the E lec t r i cd  Maintenance 
Department and renovea ior repalr as they see necessary. Whenever a monitor is removed, 
i t ' is  immeaiately replaced by a spare so that the a rea  i t  se rves  does  not go unprotected. 

,411 monitor checkina is to be done under the supervision of the spec ia l  processing foreman. 

Dhrinq the period of the test, persons with portable detection instruments should be con- 
stantly surveyina the area. Should these persons note a readinu above 100 Whr . ,  they 
should have t h e  sirens unmuffled a t  once. 

Durlna this t es t  a cerson should be  stationed in the headhouse corridor to see that the 
annunciator iiahts come  on in the correct order, and another person should be stationed in 
the ottice wino corridor to sirr.ilarly cfieck the annunciator panel. 

4. P x t a b l e  Detection Equipment - The  radiation detection instruments used to survey a re  
located in the following places: 

a. Men's chanqenouse - two Radectors 

b. North end Analytical Laboratory-two Hadectors 

c. Northwest assembly point - two Radectors 

These  survey meters a re  to be serviced in the same manr,er as the monitors. The  C-Wing 
foreman will be responsible to see that the routine servicinq of the portable survey meters 
is accomplished. 

5. Push Button Alarm System - The north or the south processina a reas  siren systems may be 
activated at m y  tire by the use of the pusn button switches in the main corridor near the 
entrance oi :he oifice buildina; thereby, it is possible to evacuate  the respective a reas  for 
any reason. 

Evacuation Areas 

The buildina is iivided into two areas; the north has  s i rens  that a r e  activated by the monitors, and 



!he south has auto-call bells. that are a l so  activated by the monitors. 

1. Siren Areg - The s u e n s  are used to notliy personnel in t h e s e  a reas  that they a re  to evacu- 
n t e  at once. 

2 .  Sel l  Area - The bells a r e  used to notify personnel in areas not to be  evacuated that there 
is a n  actlvated monitor in the buildina. There is a silencina button which will s i l ence  the 
bell system. This button is located below tr.e annunciator panel at the west ena  of the 
office wina hall. These  bells may ce  silenced just prior to the "All Clear" s i ana l  by the 
Local Erreraency Director or someone authorized by him. 

Under no circumstances are persons irorr: tne bell a rea  to go into the siren a rea  while the 
bells are soundina. 

Responsibi l i ty  of Personnel  

1. The Local Eaeraency Drrector: 

2 .  TO notiiy tne Plmt Shift Superintenaent :>at there is a monitor alarm and t o  station an 
employee to direct tne  Sni!t Superintenaent to the affected a rea .  

t;. To survey or nave surveyed, tne area covered by the activated monitor and notify the 
Plant Emeraency Director of the results of the survey. 

c. To have defective monitors replaced immediately. 

d. To maintain an  e f f ic ien t  shift  erneraency squad whose duty durinq a radiation alarm wlll 
be to quard the entrance to the buildina and see that no person enters the b u l d m u  until 
the "All  Clear" is sounded. The emerqency squad members should place themselves 
a t  least  100 feet from the buildma while auardinq the entrance. Th i s  functlon is to  be 
arranaed in advance. 

The C-Wing foreman, in cooperution with the other foremen on the shift ,  will see that 
these  assianrnenrs a re  made. 

e .  While surveyinq the  buildinq any reading in excess  of 100 mr/hr. will be sufficient to  
suspect that a radiation accident has occurred. In th i s  case the Local Emeraency 
Director should immediately leave the building with h i s  survey crew and proceed as 
follows: 

(1) Evacuate the south  processing a reas  by pushing the manual alarm button. 

(2)  Survey the  assembly area,  rnovina personnel as necessary to  keep them in a radi- 
ation zone of less than 5 mr/hr. 

(3) Survey the personnel in the assembly a reas  as rapidly as possible. Check both the 
clothinq and the person for aross contamination usina the available portable survey 
instruments. (Gross contamination will give readinqs above 1 r h . )  Contmina ted  
persons should have their contaminated clothina removed on the spot and be sen t  to  
the shower without delay. Minutes count in these  cases. 

2. Plant Erneraency Director - Upon obtaining the resu l t s  of the  survey will determine that the 
buildina is safe for re-entry and aive h is  permission t o  sound the "All  Clear". 

If ,  in nis opinion, a radiation accident has  occurred, he will apply the plant emeraeccy plan 
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as outlined in the  Y-12 Emeraency Manual. 

EMERGENCY PHILOSOPHY 

The followina underlined stcrtements and supplementary discussion hiahlight some of the funda- 
mental concepts upon wnich tne Y-12 emerqency plan is based: 

1. Line  Organizations Rave major emergency responsibilities. The responsibility for emer- 
qency plannina and execution must rest with the l ine  organizations which a re  responsible 
for anticipatinq potential emerqencies within their a reas ,  arranging to avoid the  occurrence 
of such emergencies, and making adequate preparation for handling these emetgencies if 
they do occur. 

2. Prompt local acticn is needed. Because of the variety of potential hazards and conditions 
encounterea, the  most e f fec t ive  emerqency control is supplied through action of the local 
emerqency qroup. ?IS qroup, consis t ing of a local emergency director and his squad, must 
be prepared to eiiectively cope with any eventuality and to obtain and direct the  efforts of 
the various plant eceraency qroups. Therefore, the Plant  Shift Superintendents must see 
that weil-trained lomi  erneraency directors and squads  are maintained in all hazardous 
a reas .  

3. Plant-wide emeraency dlrection is necessary. Provision for plant-wide direction of emr- 
gency efforts is necessary, in cases of ser ious emergency, to insure that all emergency 
qroups involved function a s  a team. Such direction is supplied by the Plant Emergency 
Director, who is the Plant Shift Superintendent on duty. It is recoqnized that in  combating 
emergencies he m u s t  rely heavily upon the performance of trained local and plant-wide 
emergency groups. 

4. Shift organizations must handle emergencies. In order to ikure clear-cut responsibility for 
the direction of activities involved in actual handling of emergencies, responsihility must 
be  fixed with the shift organization. Therefore, where day supervisors participate i n  emer- 
gency work, they a re  expected to function as staff to the  Loca l  or Plant Emergency Director, 
keeping well in mind the t ie  of responsibility which the Local  Emerqency Director has  to 
the Plant  Emerqency Director. When day supervision chooses  to take over local emergency 
responsibilities, the change must be made only with the full  knowledae of the Plant  Emer- 
gency Director. 

G E N E R A L E M E R O E N C Y  PLAN 

1. T h e  Local Emergency Director goes to  the scene  of the  emergency and does the following: 

a. Estimates the maqnitude of the problem. 

b. Ascertains that emerqency groups hcve been summoned. 

c. Promptly notifies the Plant Emergency Director. 

d. Arranges for necessary further evacuation of personnel. 

e. Directs ernerqency groups as they arrive. 

2. The person who meets the emergency group directs them to the  scene of the emergency and 
the  Local Emergency Director. 

3. The  emergency group leaders follow the  instruction of the P lan t  Emergency Director in 
102b4b8 
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4 -. 

5. 

- 
C. 

brinqnq the mcmericy under coctrcl. 

. .  
I h e  Plant Emeraencv Pirwtnr ec!i--t::: I)..: --....+I:: u i  tile emeraelxy, 3ssurr.es aenerai 
ciirection 0: ereroency  activit ies to ti:e jearee  required, ananaes  for establishing necessary 
road blocks, m d  as necessary,  orranaes ior additional service uroups, manpower, and/or 
equipment, includina possible invocaticn oi any of the existinu mutual aid ameements. 

2uildina personnel will be notified of nn existina emergency by means of s i rens  which are 
activated cy  radlaticr. ron i tors .  

The Plant Emerqency Director, aiter consuitation with the Local Emergency Director, de- 
clares tne termnation of the eneraency  and arranaes for the "All Clear' ' sicpal. 

RESPONSIBILITIES O F  L l S E  ORGANIZATION 

1.  .4nticipatinc ootential emeraencies witr.in tr,elr faciiity and ar rmalna  to  avoid their OCCUT- 

rence. 

z .  ? :aha  u z e l w t e  crepmation icr nmiiirio erneraencies. 

3. The  above cas ic  responsibilities lnciude. \-ut are not limited to, the followlna detalled 
responsibilities : 

a. Joint responsibility, alonq with the Plant Shift Superintendent, for the appointment and 
trainina o! Local Emeraency Cirectors and necessary local emeraency squads for a l l  
hazardous a reas .  

b. Arranaement for the fo l lowinj  in the event of a serious plant emerqency: 

(1) Dispatchina of necessary ernerqency units upon request of the P lan t  Emergency 
Director. 

(2)  E o l d ~ ~ a  in readiness at predetermined points such erneraency units. 

(3) Recortina to t h e  eneraency  area  command post. 

(4 )  Servina in a l ine  position subordinate to the Plant Emerqency Director and ass i s t -  
ina in the coordination and dlrection of emeraency units. 

RESPONSIBILITIES O F  PLANT EMERGENCY DIRECTOR 

1. Joint responsibility, alonq with Divisional Superintendents, for plant-wide emergency plan- 
ninq, trainina, and evaluation consistent with plant-wide policies and plans. 

2. Providina overall direction of emerqency efforts as required, includinq the followhg: 

a. Providina direction for plant emeraency groups, the plant and local emergency squads. 

b. Givina a i eaua te  attention to such  matters as necessary plant operational cnanqes. 

c. Deternxnina the necess i ty  for and scope of any larqe-scale evacuation or dispersal ,  and 
where necessary,  arranainq for the announcing and direction of s u c h  evacuation or 
dispersal. 

d. Arranainc for procurement of additional manpower and/or emergency equipment as re- 
quired, irxludina: 
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( I )  Notification oi t h e  proper emeraency personnel. 

(2) Invokina mutual aid aqreements. 

Local ass i s tance  may be requested direcrly between Oak Ridge installations, and 
t h e  assistinq group will normally operate under the  direction of the organization 
oeinq assis ted.  

3. Determininq t n e  termination of a ~ t a t e  of emergency, and amrnqlnq for announcing the "All 
Clear" s ianal. 

RESPONSIBILITIES O F  Y-12 EMERGENCY SERVICE UNITS 

A11 Emergency Service  Units  

1. Be prepares to ~ ~ o ~ ~ l i s h  the assioned responsibilities of the unit. 

2. Fromptly :eport : z  zreaeterimned or other specified assembly points when called. 

Industrial R e l a t i o n s  U n i t s  

Fire Prevention and Control Department 

1. Dispatch ambulance service in response to ambulance calls. 

2. Provide and malntain adequate personnel protective equipment as required. 

Guard Department 

1. Provide radio conmunication between the local emergency area command post and the p l a t  
command post (Plant Shift superintendent's Office), and other iocations as directed. 

2. Direct t:afiic Ovei piant roads. 

3. Arranqe entrance ior authorized personnel who appear without badges. 

4. Operate a courier service as required. 

5. Provide necessary mobile radio communications between the Plant Shift Superintendent's 
Office and assembly points as required. 

Safety Department 

1. Determine that adequate s t eps  a re  being taken to  protect l i fe  and property at scene  of 
emergency and keep Plant Emergency Director advised. 

2. Procure additional personnel protective equipment as required. 

Medical 

1. Provide for first aid and handling of the injured. 

2. Mobilize area-wide medical  f irst  aid personnel as rewired .  



Personnel Gepartment 

1. i;roviae emeraency iooa and snelter. 

2.  Handle public relations aspects of the emeraency. 

Maintenance Div i s ion  Units  

Emergencv Electr ical  Aiaintenance Personnel  

1.  Report to the scene  of the emeraency for instructions. 

Z .  Zetermine the need for and obtain necessary outside electrical  maintenance ass i s tance .  

Transport at ion 

E o v i a e  necessary motor venicle operations. 

Shift Superintendent and Uti l i t ies  Div i s ion  Unit 

L'ti 1 it i e s  

Arranae necessary curtailnent of utility services.  

Technica l  D iv i s ion  Units 

Health P h y s i c s  Department 

1. Mobilize additional radiation monitoring teams necessary for the protection of personnel 
engaqed in rescue work involvinq penetratlna radiation. 

2. Audit radiation hazard actlvlt les,  advlslnq the operating groups and the P lan t  Emergency 
Director as required. 

3. Provlde additional radiation survey instruments required. 

4. Collaborate with medical director in the treatment and calculation of dosage of radiation 
exposure cases. 

5. Ass is t  the Plant Emeraency Director and operating groups in establishing decontamination 
procedures and decontamination centers for personnel and equipment. 

E. Provide laboratory sampling and analysis se rv ices  required for determininq a i r  contamin- 
ation and dearee of radioloqical hazard in the field. 

Radiation Control Group 

The Radiation Control Group will serve in an advisory capacity in emergencies where a critical 
reaction nas  occurred c: is likely to occur. 

Finance  and Materials D iv i s ion  Unit 

Qirect procurement and i ssuance  of stores material as required. 
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A P P E N D l X  6 

METHOD OF CALCULATION OF REACTIVITY 

The crit ical  mass ir, Jn ucre!lectea 21.75 incn diameter s ta in less  s t ee i  cylinaer was determned as 
il function oi tne cr:!icz! ':c)ium.e o y  equatinq i t s  jeometr lc  ouckiinq to that of a slmilar cylinder of 
20-inch aiameter ICK 'xr,icr. :r.e cri t ical  paraireters are Known. Once  tne variatlon of critical mass 
Nith cr i t ical  volume 01 [:,;E 1;irler cylinder IS known, a n  init lal  c r i t l c d  point on the curve, commen- 
surate wi th  facts OoservecI a::er me excurslon, is cnosen. T h i s  point,  A ,  in Flqure &lf represents 
2.1 kq U235 i n  56.2 liters 0: solution. The swsequen t  masses  ana  volumes, as additional solution 
enters  tne arurr ,  x e  recresentea oy line A 3 ,  assuminq that t h e  concentration 01 the incoming soh- 
:ion remains cor,s!ar.:. :: .: :ir:ner assumea that t ne  final contents  a r e  2.5 kg U 2 3 5  in 180 liters. 

1:: 3: t,.vo neutron-eneray ':r:-;c maiysis,  :he e ~ r e c t i v e  reactor multipiicztion factor, k, of critical 
:n3 n e a  c:i:!czi xzerrz::z.: is rclatecl to tne  nareriai  ma geometric yoper t ies  01 the assemoly by 

where 

- (11 7 1  
I. - 

(1  + L2g2) ( 1  + T B 2 )  

'i = numDer ot f iss ion neutrons produced per 

1 = thermal neutron utilization 
LL = square of the thermai diffusion len j tn  
3' = geometric bucklinq of t h e  reactor 

neutron aosoroea by U2 35 

T = neutron a q e  

Alonq the  cri t lcal  curve in Fiqure B.l, the  equation has  the  value unity, of course. 

As the cylinder continues t 3  :ill, the mass and volume increase to point E wnich descr ibes  a dif- 
ferent (supercrit ical)  c=zsination 01 qeometry ana material. The nuclear properties of the latter are 
t h e  same 3s tncse 0: tr.e sclution c r i t i c d  at point D, s i n c e  a l ine tcrouqn the origin represents a 
particular cnemical concentration, ana the values 01 r; t at 3 ana E; :re, tnerefore, equal. Since the 
qeometnc Duckling at conaitions i and E zre the same and L2 ana 7 zreessent la l iy  constant Over 
this  concentration ranqe, the multiplication constant at E i s  qiven DY 

I 

Figuro 6.1 
SCHEMATIC DIAGRAM OF CRITICAL MASS I N  AN 

UNREFLECTED 21.75" DIAMETER STAINLESS STEEL 
CYLINDER AS A FUNCTION OF CRITICAL VOLUME 

* Principally prepared by J. T. Thomas. Crit1c.l ExpermIants. Oak Ridgo National Laboratory 1 0 2 b 4 1 2  
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A P P E N D I X  C 

COMMENTS ON RADIATION RECORDER CHARTS+ 

MON IT RO N 

The Monitron is an icnization-chamber type instrument, utilizing a boron-linea ionization chamber 
for the detection of a m m a  ar.d neutron radiations. Ions produced in the chamber gas by gamma 
rays a re  collected by a central electrical conductor and the  chamber walls, and the resulting CUP 
rent consti tutes tne input  sianal for an amplification circuit. The  detection of neutrons is accom- 
plished primarily c y  tceir nuclear reactlon with the boron of the ionizationshamber lining to pm- 
duce alpha particle e r i s s i o n :  me ions 'formed in the chamber gas  by these alpha particles are 
then collected to constitute t h e  input signal. 

Fuil sca l e  reaaincs are 2 5  xr/nr. for gamma radiation on the low ranae scale and 125 I I U / ~ ~ .  on 
the nian rcnae, r e  seiection of scales beina kanually controlled. T h e  full scale readinqs for 
slow neutrons are estimated to have about the same numerical values with the dose rate expressed 
in mremihr. The tice constant for the electronic circuit is estimated to be about. 0.5 second, and 
the maximum recorder speed corresponds to approximately 1 second for a full-scale traverse of 
the recorder. The ins t ruren t  is reported to be  linear to  within 2%. 

The range of s ta t i s t ica l  fluctuations in instrument response for constant radiation fields of vari- 
ous levels a re  illustrated in Figure C.l for both neutron and gamna radiation, the sources for 
these  radiations beinq a 1 x l l i c u r i e  radium gamma source  and a 6 curie polonium-beryllium neu- 
tron source. 

In order to determine whether the peaks noted on the chart  for the period during the nuclear BXCUP 

sion could be  attributed to such s ta t i s t ica l  fluctuations, the form of th i s  trace WCIS approximately 
reproduced by use  of the neutron source, the distance between the  source and the instrument 
beinq varied to control the instrument readinu. Pu l ses  were simulated by alternately decreasing 
and increasinq the distance between the source and the  ionization chamber. Such p u k e s  were 
simulated for the period representing the highest radiation leve ls ,  and a peak, corresponding to a 
similar peak noted on the original chart, w a s  simulated a t  3 minutes: other portions of the trace 
were made with a qradually increasing source-todetector d i s tance ,  and in these sections the 
fluctuations noted represent s ta t i s t ica l  variations only. T h i s  trace is compared with that for the 
critical excursion in Fiqure C.2. 

Since some of the radiation detected during the excursion would have  been gamma, for which the 
s ta t i s t ica l  fluctuations a re  much less than are those for neutrons, and since the fluctuations 
noted on  the trace made during the excursion a r e  noticeably larger than those obtained with a neu- 
tron source, it appears that at least part of the variation in instrument reading represented actual 
momentary variations in the power, levei of the reaction. 

A careful comparison of the chart of the Monitron with other records of the radiation levels pro- 
duced by the excursion, which are described below, indicated that the peak at 3 minutes may not 
have been the result of a radiation burst- from the reactlon, and the  possibility ex i s t s  that this 
peak was  produced by a scale chanae of the  instrument. However, no such change could be  veri- 
fied. An abrupt drop to zero.and return, noted toward the end of the excursion, may be associated 
with a check of the instrument zero adjustment. 
* Principally prepuad by J .  C: Ballmy. Health Phyalca. Oak Rid. .  Gaaeaua D l f f u a l a  Pluu. 
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CONTINUOUS AIR MONITOR C H A R T S ,  
BUILDINGS 9207 A S D  9204-1 

The  continuous air  coni tors  a r e  Geiaer-hluller tube instruments countina the beta-aamma emission 
frorr. particulates collected from an air stream on a iixed fi l ter  paper. The tUDeS a r e  shielded hy 152 
incnes of lead. 

Both of tnese instruments detected tne  initial r ise  in radiation, and t h e  one III 9204-1 automatically 
cnanaea t o a  sca le  with ' / s  t n e  sensit ivity of that utilized in normal operations. The  trace,  s n o w  
in Fiaure 17, then indicates a period of approximately 2 minutes duration with a relatively hian 
radiation field,  snowina at l e a s t  one  oscil lation, followed by a sharp drop with a slower decline in 
radiation, the total radiation period beina oi approximately 20 minutes duration. At about 40 R X ~ -  

utes after the start  of the excursion, the chart indicated a r ise  in aircorne beta-aamna emittinc 
radioactive material: shortly af ter  this rise tne instrument w a s  manually returned to tne p o r e  sen- 
si t ive sca l e ,  and the chart indicates  an increase ir. tne ctmount of radioactivity on the  fi l ter  paper, 
this  material sucseauently decayma to a value sllar.tiy above backaround after a perlod of about 2 
hours. 

The cr.art from tne 5 d d i n a  9207, snown in Fiaure 16, a l s o  indicates t9.e lnitial r i s e  in radiation 
ana the2  minute niqn-level period. The  low level perlod, nowever, is obscured by the detection of 
nirborne activity, a aefinite increase  in sucn activity Deiiia indicated 10 minutes af ter  tne s tar t  of 
the excursion. The  subsequent drop from off s c a l e  to below background with a return to off s c a l e  
was reported to be associated with operatina checks of the instrument durinq the off-scaie period. 
Decay of the radioactive material by the decreasina t race is subsequently indicated. 

LABORATORY-TYPE C O U Y T E R .  9204-3 

The trace from end-window Geiqer-tube instrument, shielded by 1% in.of lead,  is shown in Fiaure18. 
This is one oi about 12 such  t races  recorded by laboratory counters in  the control room for the 
63-inch cyclotron in Buildinq 9204-3. Counts a re  accumulated throuah scal ina circui ts  and acti- 
vate the pulse recorder upon e a c h  accumulation of a preset number oi coucts.  The  individual 
reqisler pulses werenotd iscern ib le  for any of these instruments except  ut the  end oi the excursion. 
However, the duration of the excursion wus indicated by a l l  of these  instruments to be approxi- 
mately 20 minutes. 



D .I 

A P P E N D I X  D 

HYDRAULIC EXPERIMENTS* 

An effort was  made to duplicate the actual filling of a 5 5 g a l l o n  drum using plant equipment in- 
volved in the incident ana substituting a solution of cadmiurn nitrate in place of uranyl nitrate. 
The  specliic gravity of the solution was adjusted to 1.19, approximately the same as that of the 
umnium solution found i n  the line from the 9-1 to the C-1 areas, up stream of valve V-1. The 
cadmium nitrate was added to the C-1 system from B-1 tanks F-318 and F-322, via the process 
lines. (See Figure io.) 

In a preiiminary experiment, I: was determined that at least one-half hour was requrred for the 
soluuons in the C-1 tanks to come to equilibrium levels  if the 6-2 tank was filled with water 
and the soiution allowea to distribute between tanks 6-1, 6-2, and 1-2. The pomt of equilibrium 
was determined by tne stabil i ty oi the levels in the tanks as indicated by the pneumatic liquid 
ievei indicators connectecl to the tanw. I t  was  found that the level  gauges on tanks 6-1 and 6-2 
w e r e  inaccurate. They iailed to read until the tanks were one-third to  one-half full. The  9auge 
on tank 1-2 appeared to be reasonably accurate. 

In the experiment, which is believed to most closely approximate the ac tua l  incident, 11.7 gallons 
of the cadmium nitrate solution were added from B-1 tanks F-318 and F-322.One hundred minutes 
were allowed for the levels to equalize in the C-1 system. Water was added to tank6-2 after 
closlng the discharge valve (V-5). The volume requlred to  give a n  overflow was 39.3 c~allons. 
Since the "safe" tanks hold 42 gallons, approximately 2.7 gallons of the cadmium solution had 
entered this  tank prior to the closmg of valve V-5 and the subsequent water addition. 

This total of 51 gallons is about 4.5 gallons more than  was recovered in the drum after the  
nuclear incident. The differen- is not well defined. Some of t h e  original water was los t  in the 
detection of the leak in tank 6-2. Leaks are not usually allowed to  go to such a volume because 
of the clean-up work which is required. 

Based on the estimate of the volume of cadmium solution in tank 6-2, the assumption that a like 
amount entered tank 6-1, and the level gauge readings on tank 1-2, i t  can be assumed that more 
than half of the cadmium solution remained in tank 1-2 even af ter  the time allowed for the system 
to come to equilibrium. The level qauqe indicated that only c1 few gallons of this water were trans- 
ferred to tank 1-2. A time period of about thirty-five minutes was  allowed for this latter transfer. 

A 55-gallon drum, equipped with a polyethylene liner of the same  h n d  that w a s  found in the drum 
involved in the incident, was placed in the same location. The  posit ion of the drum was  easily 
located because of the activation of the s ta in iess  s t ee l  floor by the neutron flux from the ongi- 
nal. A tygon tube, equivalent to the one involved in the incident,  was  put on the drain line and 
supported as nearly as possible in the manner of the original tube. The  drum was  held on a dolly 
a t  the requued dis tance off the floor. 

A s  the solution entered the drum after the opening of the drain valve,  samples were taken from 
the tube and from the surface of the liquid in the drum, and concurrent measurements of solution 
heights in the drum were recorded. Plots of the data a r e  presented in  Figures D.l and D.2. 

* PrincfpBliY pmPmr0.d by J. M. Cooain. Developmmxt, Y-12 Plant. 



3.2 

I n  Figure D.l the rate of f i l l inq of tne drum shows a snarp break at a level of 9.5 inches and a 
t i m e  of 15 minutes. Tnis Corresponds to the time at which the level indicator on tank 1-2 mdicat- 
ea empty. The  oreak nas oeen duplicated in two experiments which involved different quantit ies 
cf both cadmium soiution and water. 

The  oreak in the flow curve is duplicated by the oreak in the concentration of the solution enter- 
ing the drum. This furtner indicates that the uranium solution entered tank 1-2 for the  most part 
and stayed there. The  concentration ax is  in t h e  plots h a s  been given on the bas i s  of the  11.7 
gallons of solution added and the measurea inventory of uranium of 2,500 q U-235, as i f  the 
original solution nad been 57 q per liter of U-235. 

In Figure D.2 there is added a calculated curve for the concentration of the solution in  the drum 
derived from the concentration of the enterinq solution under the assumption of complete m u n g  
in the drum. It can  be seen  that there is a n  increasinq difference in the plots of the caiculated 
and tne ac tua l  concentrations after aoout thlrty ninutes.  It appears that the assumption ox com- 
Dlete mixinq is lustifled up until that t ime. 

,An intearation of the curve of tne sclmDles enterina me arum gives rise to  the estimatea uranium 
inventory of the drun as a runction or t ime. Aaain tne ax is  corresponds to a n  initial solution of 
57 grams per liter of U-235. 

The  calculated curves of concentration and  inventory have been replotted in Figure D.3 as  a 
function of the height of the solution in the drum liner. 

In the curves of the concentrations of the samples entering the drum there appears a sharp  initial 
r i se ,  (see Figure D.2). This  appearsto be a result  of the filling of the pipe l ines with water, or 
a t  l ea s t  dilute solution, when the water in 6-2 was  brought into equilibrium with tank 1-2. This  
init ial  r i s e  was  not found in any experiment in which equillbrium with 1-2 was not allowed during 
the filling cycle. 

A determination of the minimum opening a t  which valveV-1 would pass  the solution required was  
made using the  cadmium nitrate solution. T h e  required flow of about 140 m l  per mlnute c a n  b e  
obtained in the plant configuration i f  the valve is 1.2 turns opened or withm slightly less m a n  one 
turn of being closed. 

Because  of the small driving forces involved in the  establishment of equilibrium between the 
tanks and  of the tendency of the system to develop gas  locks,  the distrlbution of so lu t ions  
obtained in the experiment may not duplicate that w h c h  occurredprior t o  the  incident. Since 
there was good evidence of the flow of the  solutions to  all of the tanks involved in t h e  experi- 
ment, i t  is believed that i t  consti tutes a limiting case and that any other circumstances would 
have resulted in the uranium being added to the drum sooner bemuse  of failure to underqo dilu- 
tion in the tanks. The rates of flow of the solutions from the tanks in the incident and the  experi- 
ment should be  very s in i l a r  in any  case. 

102b418 
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A P P E N D I X  E 

E. 1 

COMMENTS ON PREVIOUS NUCLEAR ACCIDENTS* 

Previous experiences ' Y  it:: unscneauled prompt neutron cnain reac tma assemblies have been in 
critical experirent iltzrq'3ries 1 4 .  24 .  l 9  ..,here, in most ins tances ,  c t  l eas t  the following con- 
j i t ions aiffer siar, if icmtlv ::3- :;cse present in  the power excusion urder conslderatlon. 

1. Inherent ir :?e w c z r a t c s  GI ciitical experinents a r e  devices  for reducinq the reactivity of 
I n  asserrii;. i r c r  .::e11 :rove prompt critical to below delayed crit ical  in the order of a 
!.unarea r : : i : secoxz .  .-'..l:houan i t  is conceded that these  dev ices  may not ac t  in a time 
suific:ec!i*; c::::~ :- ?:event c1 ?ewer excursion, they do rcinimize recurrences of power 
suraes  v::;ic: 7 7 . ;  !re:rseives r,we been creviously terminazed by some chanqe in UII in- 
t m s i v e  r:crer:y -: *:? ?sserrciv. 

. ,  

2. Criticcli evperirerrx :re r a d e  c:isin reactina in a fairly intense neutron field SO the 
ypproac:: tc' : r i t xg i .  c: to o condition in wnich it is exceeded ,  is made readily apparent 
!hrouan the raiiatlon resultina from the f i ss ions  produced by the ambient neutrons and 
their proaeny. I:: tne acsence  of a source of neutrons and with a continuinq addition of 
reactivity, an a s s e r b l y  rcty be well into the cri t ical  range before this condition manifests 
itself. In one controlled laboratory experiment, for example, a ten-second interval elapsed 
between the addition of 0.07% in reactivity to a crit ical  sphere  of solution, with no source, 
and an observable s iana l  on the sensit ive control instruments. 

3. hiost accidents i n  critical experiments have occurred with adequate  separation or shielding 
protectinq personnel so few radiation exposures have occurred. In two instances where 
this condition did not ex is t ,  fatali t ies resulted. 

The eneray release preponneratina these accidents has been that criainatinq from 10l6 to 1017 
:issions. , h t  is, i ~ .  !ne ranae of about a tenth to one kilowatt-hours. 

The cause  of soce of these  accidents has  been sufficiently well understood to permit their re- 
construction in order to analyze their behavior. 

There have a l so  been studies of scheduled prompt critical power excursions in both p ~ r e  fission- 
able material (U235 enriched uranium metal) and in aqueous so lu t ions  of a U235 salt '' 's- The 
transients in these experiments, initiated by operation of the  reactor controls, were observed to be 
suppressed by a cnanqe in fuel characterist ics before the action of the  reactor shutdown mecha- 
nism. These  iuel alterations result ,  of course,  from density variations due, in turn, to temperature 
and phase chanues. In these pulses also,  the enerqy corresponded to  a ranqe of 10l6 to 1017 
fissions and their duration was 100 msec or less. It is apparent thereiore, from these  observations, 
that nuclear power excursions in homweneous fissionable materiais have been self-quenching 
with an  eneray release oi acout 10l7 fissions in a fraction of a secori. 

I @ 2 b 4 8 2 * Principally prepared by A. D. Cnll ihm,  Critical Experiment.. Oak Ride. Natioaul kboratory. 
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A P P E N D I X  F 

STATEMENT BY MEDICAL DIVISION STAFF, ORINS, JULY 30, 1958 

- / f g t / ,  ttcll, l fDt / ,  "E", I ' F l t ,  llstf, and '/H"were Followinq t h e  acc:aent, :;:cloyees "A", 
hospitalized at the Oak ?;lime Institute of Nuclear Studies where they received specialized med- 
ical attention. This  incluaecr consultations and v ls i t s  by leading spec ia l i s t s  in the  field of 
radiation mealcine. The rrecrical s t a tus  of the individuals involved is described in the following 
statement releasea on J u l y  30, 1958, by the Medical Division Staff of ORINS: 

"Of the eiqnt .-en '::no w e r e  exposed to radiation in the Y-12 accident, three (Employees 
'F', I ; ' ,  ' 2 ' )  did not have a sufficient dose  to require prolonged hospitalcare. 
They exnioited rr.ricl c m n q e s  In blood elements characterist ic of radiation, D U t  they showed 
no syrrptoms. T::ey rvere released irom hospitalization as soon as it was evident that 
!heir  ;x:aI:on exposure was small. 

"Five (Lr,-pIoyees ' A ' ,  ' 3 ' ,  'C', '9' and 'E',) of the elqht men showed significant 
decreases in olood elements and other clinical  and laboratory iindinqs that were charac- 
terist ic of more severe, DUt sublethal,  radiation damage. Durinq the first two days  there 
w a s  an early perioa of mild nausea accompanied by some vomiting. This was followed by 
a period of aDout three weeks during which they felt quite well and were almost completely 
free of symptoms. During th i s  period the men left the  hospital and returned t o  their homes 
for most of eacn day. Durinq the fourth and fifth weeks followinq the accident, the  platelet 
counts were  decreased to levels that indicated the possibil i ty of serious hemorrhagic 
complications. The blood platelets a re  one  of the elements that control the ability of the 
blood to clot. At this time the men stayed in the hospital full t ime  so that they could be 
watched by  the medicid personnel for possible bleedinq. Except for a few almost un- 
no t i ceade  events,  such as 'pink toothbrush,' th i s  bleeding did not occur. B y  the  sixth 
week the laboratory studies indicated that all the men were showinq unmistakable s igns  of 
recovery, Now (July 30, 1958) that th i s  recovery phase  is clearly established, they have 
been reieased frorc tne hospital. There will be a long perioa of observation but this will  
b e  done on an out-patient basis." 
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A P P E N D I X  G 

ESTIMATION OF THE TOTAL NUMBER OF FISSIONS BASED ON A 
RADIATION SURVEY MEASUREMENT; A METHOD INDEPENDENT 

OF CHEMICAL ANALYSIS OF THE FUEL* 

Knowledae of t h e  t1rr.e aeFenaent behavior of the  gross  fission products formed from the thermd 
fission of uraniur-235 -,iy ce  used to estimate the total number of atoms of uranium which have 
underoone iission. Such a caiculation relates the dose  rate measured a t  a known time and distance 
to the rate of eneray errission irom the source resulting from fission events occurrinq at earlier 
t ime. 

.A necessary cssurptior,  :r. :ne caiculation is that a11 of the measured dose rate is due to homo- 
qeneously i istr iccted iission proaucts within the reactlon vesse l .  ''lhile such an a s s u m t i o n  is 
necessary ,  it resuits in T. e s t m a t e  wnich i s  obviously too niqh s ince  other sources contribute to 
the observed dose  mte. 7i.e most llkely contributions resu l t  from fission product contamination of 
the surroundina mea ana !re neutron induced activit ies within materials in the vicinity of the 
measurement . 
The magnitude oi the error introduced by these  unwanted radiation sources was reduced by experi- 
mentally reasur ina  the dose ra te  a t  a point near the source contamed within the 55qdl0n drum. 
Such a technique tended to increase the gamma dose  r a t e  from the desired source relative to that 
from the  undesired sources. 

METHOD I 

This  calculation was rrade usinq a io:m of the Way-Wiuner relationship 

3 h!ev 
. (t)  = 0.9 t -La2  

sec-iiss ion 

wnere t is the  time i n  seconds s ince  fission. 

Assumptions: ( 1 )  47.5 gallons of liquid in drum 
(2) Effective gamma enerqy = 1.0 Mev 
(3) Density of solution = 1.1 gm/cm3 

T h e  d o s e  rate used 1.1 the calculation was measured on the mid-line of the drum at a point 2 ft. 
from the  outer surface a t  20.5 hours followina the incident. This  w a s  found to be  23 r h .  

Th i s  calculation indicates an excursion of 2.2 x 10'' f i ss ions .  
...-.- - - -- 

METHOD 2 

This  caiculation w a s  Eade usina the decay spectrum from some unpublished data of Spencer and 
Hubble of the National Bureau of Standards. This  technique ellmlnates the necessity of assuming 

* Principmlly tepmrsd by L.  C. Emerson, ircmlth Physics. Oak Ridae Nationml LabIlrmcory. I O W 4 8 4  
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an effective eneray for the a r o s s  fission products. The energy spectrum was broken up into aroups 
with an averaae enerqy for e a c n  moup chosen to permit more reliable self-absorption calculations 
for the source. The dose r a t e  measurement made at  20.5 hours was converted to 23.8 hours to 
correspond to t h e  Spencer and kubble  data  by assun-iina that the energy emission r a t e  varies as 
t - 1 . 2 .  

The assumptions s a d e  are the  same as previously indicated with t h e  one exception of the effective 
enerqy. 

This technique resulted m an upper estimate of 3.7 x 10" fissions. -__ 
-\ 
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A P P E N D I X  H 

CRUDE ESTIMATES OF NEUTRON DOSE BASED ON RADIATION SOURCE* 

The neutron f lux  leakace c: 5.28 was ca!culated from a knowledae oi the dimensions of the fuel in 
the 55-aallon d:u: asserrr ly .  These  data  were used to est imate  t h e  ii:st collision and rnuitiph 
collision neutron icse recelved by tke eiqnt exposed individuals a s s m l n q  there had been a single 
excursion oi 'iery snort dcrqt:on, that the dose dropped off accordina :c the inverse square law, and 
that there was  neqiiqisie s c x t e r i n q  and attenuation of the radiation. Table  6.1 l i s t s  the crudely 
calculated acscroea ccse ana the R5E dose oi neutrons received by :?.e five individuals who accu- 
mulated the niahest 2cscrce2 33se of ionizina :ndiation. T h e  muit;pie collision neutron dose is 
l iven  ior t k e  cem i z s e  :?.?:ie r e  body. The vaiues a r e  uiven for severrll enerqies,  s ince  at the 
!me 01 these c z : ~ ~ : ~ : i c ~ s  ::.? e::ective neutron enemy was  unknown. In this case the values of 
the R2E dose a:e lirzcur:egiy tzo niah cecmse tne functionai re ia t icnship between X3E rr.i S P ~  

cif ic  1zRiza:ic:: Y C  .::%:e? !r. :::e 13s Fcrncibcok 59 "!CS used and,  al:;??xn this relation may sppiy to 
zhronic exposure. i: : z  XS.::~ !c: Le 3 to 5 :ires too iorae io: neut:cPs in this enerqy ranqe when 
the dose rate  is :;cry i7:ze. : . m e  of these  vaiues  checks mtn the  experimental and theoretical 
values deterrrmea c y  zcsrxetry,  m d  they in no way coniirrr; the cl inical  observations on the 
patients. in fcrct, ::e gat3 12 T g t l e  I11 a re  not given to a id  the  reader  XI estimating the dose to  the 
exposed individuals, but ratner to warn of the serious errors that resul t  from this type of crude 
approximation. TAere is no doubt that the est imates  of dose d i s c u s s e i  in  Exhibit V are far more 
accurate than tcese estimtes .::r,ich a re  based piimarily on  the  er!e:w relecsed from the source. 

. .  

Tablo H.I 
APPROXIMATE DOSE CALCULATIONS FOR FAST NEUTRONS* * 

Distance r 
/?om 55-gal 
drum (leet) 

15'5" 
17'8" 
16'4" 
22'3" 
3 1'0" 

6' 

.Veutron F l u x  
(rl / c  m2) 

60.0 x 101O 

10.09 x I O L 0  
i.69 x lo1' 
9.00 x 10'0 
4.85 x 10" 
2.50 x lolo 

First Collision Dose 
Absorbed Dose (rad) RBE Dose (rem) 

2.5 1.0 0.5 0.1 2.5 1.0 0.5 0.1 
Hev \.lev Vev \lev {lev Itlev Meu Mev 
2,080 1,470 999 350 15,100 16.100 10.600 5,000 

349 247 168 60 2.540 2.720 1,780 840 
266 188 128 46 1.940 2,070 1,350 640 

312 220 I50 53 2.270 2,420 1,580 750 
168 119 81 29 1,220 1.300 856 404 

- - - - - - - -  

86 61 42 15 630 673 440 210 

Multiple Collision Dose 
Absorbed Dose (rad) R B E  Dose (nm) 

0.5 0. I 2.5 1.0 0.5 0.1 2.5 1.0 
(Mew ,MeV Mew hlev \lev Mcv MW MW 
2,640 2,280 1,320 630 20,400 23,400 13,200 6,000 
444 383 222 106 2.430 3,935 2.220 1,010 
338 292 169 81 2.614 3.000 1.690 769 
396 342 198 94 3,060 3.510 1.980 900 
213 184 107 51 1.650 1.890 1,070 485 

550 250 1 10 95 55 26 850 9 75 

- - -- --  - - 

* PrIncIpally prepared by K. 2. Moman. Health Physic.. Oak Rldge National Laboratory. 

** 3aaed on 1OA8 fissions. rIh corrections. an oacapo fraction of 0.28, and W. Snydor'a Doao Curves In NBS-  HE 63.Th* 
R9E voluea used wero functions of apociflc Ionization ma damaibed in NE9 - HE 59. It woa later d.tormhd that .II 
escape fraction of 0.22 i a  more mccwmte. but tho vduea mbovo havo not been revised. 
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A P P E N D I X  I 

EXPERIMENTAL APPROXIMATION OF THE Y-12 ACCIDENTAL 
NUCLEAR EXCURSION OF JUNE 16, 1958* 

The bioloqical effect OI tne lonizina radiation emitted by a volume of f iss ionable  materlal in which 
;I nuciear power excursion is occurrinq IS a strong function of the dlstrlbution of th i s  energy 
between its neutron ana oarma-ray components and the spectral  distribution of the energy in each 
of these  components. These c[icxacteristics of the radiative energyare dependent upon the  p h p l m l  
properties, sucn as tr.e snaze, :ixensioILs, chemical concentrations, e tc .  of the volume in which 
t h e  excurs ion O C C ~ S .  

;n orcer trnt czsr-iccizent -_cisures niqht  be representative oi the  radiation exposures received 
c y  t n e  ' f - i ?  persofinel, i t  ' :zs Xeemea necessary to qenerate a radiation field by a chain-reacting 
sysiern ?.cvir,a c::xicter!s!!Cs 'It ieast  similar to the solution in the C-1, 55-qallon drum while it 
'.'as cr:tical, a n i  rreasure cer t inent  pnysical and bioloqical properties. Accordingly, a series of 

?xDeriments ,%ere plannea ana performed in  the Oak Ridqe Critical Experiments Laboratory, Buildinq 
9213, on June i d  and 19. 

The crit ical  conditions of an aqueous solution of U235 s a l t  were predicted from best estimates of 
the quantity of the uranium which became crit ical  in the drum located in C-1 Wing in Building 9212 
and the dimensions of the  volume it then occupied. A critical sys tem w a s  then constructed from 
Nnich, it is believed, the erritted radiation wus simdar  to that from the C-1 55qal lon  drum. In this 
experiment the cylinder diameter and height were 20 inches and 15 Inches,  respectively, and the  
cri t ical  concentration w a s  25.9 a. UZ35/ liter, The  critical mass was 2.00 kq U235. 

Tes t s  were made auring t:.Jo operatlons of thls crl t lcal  system. During the  f m t  of these ,  w h c h  
!was operated for eleven mlnutes a t  a power of about 6.5 wat ts  (a to ta l  of 1.3 x fissions), a 
comparison was  made of the aamma-ray and neutron yields and  some measurements of the  spectral 
Iistributions oi tne enemies &ere made. The  second run las ted 42 rrlnutes a t  a power of about 
300 wat t s ,  yielding 2.4 x loL6 fissions.  In this tes t  additional detectors  and some animals were 
irradiated. 

The resu l t s  of these tests are qiven in Exhibit V of this report. 

* Ptlndpmllv prepmred by A. 0.  Cellihan. Critle.1 Exporimonu. Oak Rldgo Notlono1 Labomcory. 
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A P P E N D I X  J 

ESTIMATES OF DOSE BASED ON IN VIVO BODY COUNTER‘ 

A l l  Y-12 personnel wi th  siunificant activity indication from the indium foil security badge were 
analyzed in the  body counter. The  eiaht men with highest  badge activity were counted between 
6:30 p.m. on June  16, 1958, ana 1:OO a.m. on June 17, 1958. A direct measurement of the  Na24 
activity w a s  obtained by countina t h e  qamma e n e r w  band between 2.76 and 2.98 mev. 

These  measurements vere cornparea with that of a burro which was  exposed to the simulated in- 
cident in on experirr.ent cor,ducted ut tne  criticality laboratory. The product of the ratio of NaZ4 
activity m the  nurrans to tnzt of t h e  burro per unit weight and the determined neutron d o s e  of the  
curro oave a neutron lose tor mcn of the eiaht employees. 

- 
1 wo sources  of error i n  tr.1.s m o i y s i s  nave been examined. T h e s e  are: (1) the different counting 
qeometry between a curro mcl a numan, and (2) the variation m equipment counting loss at hi& 
qamma act ivi t ies .  Suosequent ; .az4 phantom experiments revealed vanat ions in the dead time loss 
of the countinq equlpnent.  ‘wnicn Imposes the necessl ty  of reportlnq a revised estimate as shown 
in Table  J.I. 

Additional experiments a re  planned to evaluate the difference in  the blood and totcl body ~0mtbg 
of NaZ4. 

Tablo J. I 

DOSE MEASUREMENTS FROM IN VIVO COUNTER 

Neufron Dose* Toial Dose**’ Actzvaf I on 
Employee ( L(C N r ~ * ~ / k g )  f rads) (rods) 

I d A S S  .682 139 528 
“C” .652  133 505 
,‘D*P .524 107 407 

t1E” .SO6 103 391 
1.U” .382 78 296 
llFl9 .198 40 152 
“GDl .191 39 148 
4 1 1 1 S D  . l l l  23 a7 

48.’ - -  3 W O  .236 

Ma2* in human/kg 

Na24 in burro/kg 
Neutron Dose (rad) = x Neutron dome of burro 

** Burro Dose = 48 rad as  determined by ORNL 

**a Total Dose = Neutron Dose 4 Neutron Dose x gamma/neutron ratio (2.8) a s  
provided by ORNL 

rinclpally prepared by J. W. Rsdmond. D e v o l o ~ m n t ,  Y-12 Plant. lOZbOs‘B 
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A P P E N D I X  K 

ESTIMATES OF DOSE BASED ON INDIUM FOIL MEASUREMENTS* 

As indicated under Heal!h Physics Activities, the indium foils in  the empioyees'security badges 
proved to be entireiy a j g u a t e  ior the purpose for which they were intended, this being to permit 
the  rapid detection oi t ncse employees who had received a significant radiation exposure from 
a n  inadvertent critical rerlction and to permit a rapid est imate  of the exposure levels involved. 
However, the foils ocvicusiy nave some of the same dei ic iencies  with respect toaccurate  dose  
measurements 'IS ctner cersonnei dosimetric devices. Specifically,  the human body absorbs an 
gppreciable irzction c! :ne raaiation resulting from a cr i t ical  r e a c a o n  which is incident upon 
:he body, mi ,  thus, :?.e response of any dosimetric device will vary accordinq to whether its 
!ccation on tne ~ o i y  is :o.:?ar5 or away from the  source ai radiation. 

  ow ever, in  tne i c s e n c e  91 sther calibrated m a n s  for determining the actual exposures, efforts 
were made to estiecrte tnese exposures on the basls oi the indium f a 1  activities, using an exist- 
ing approximate calibraticn' sstained with a similar well-moderated critical assembly. For this  
cahbrutlon, the cornwtea doses  were based upon a n  RBE value of 10 for fast neutrons, and 
upon a neutron spec t ruc  in  which 1/3 of the neutrons were of enerqy greater than loo0 e v  and 
2/3 of energy less  than 1000 ev. The gamma-to-neutron d o s e  ratio was based upon the probabili- 
t ies  of escape  of these  radiations from the critical assembly. 

The act ivi t ies  oi the indium foils of the persons recelvinq the  highest  exposures were determin- 
e d  by a qamma scintillation counter having a n  estimated geometry of 15%. A correction for the 
RBE ci i a s t  neutrons was applied to the  neutron dose upon the advlce  of Dr. K. Z. Magan,who 
indicated that with radiation levels of the type involved the  appl icable  RBE value would be 3 or 
less. Since the indium ioils were expected to  yield only approximate dose values, however, no 
immediate eifort was rrade to include corrections for individual foil weiqhts, a relatwely small 
qeornetry correction, or variation oi the neutron eneray aIstribution from that assumed for the 
early calibration determination. 

The d o s e s  as determined as of 2:OO A.M. on June 17, 1958, by this method are  listed in Table K.I. 

In subsequent evaluations of the indium foil data ,  the relationship between the dose per neutron/ 
cm2, as given as a iunction of neutron energy in  the National Bureau of Standards Handbook 63, 
w a s  utilized in  conjuction with a theoretical spectrum**, calculated at the ORGDP, to determine 
the average dose per neutrodcm2. This average value R ,  is represented by the ratio 

al 

Q (E) R(E) dE 

j &(E) dE 

R =  O 
30 

0 

0 (E) = neutrons per unit energy interval in the neutron spectrum 

R(EI = rads per ineutron/crn2). 

* PrinciPally prepared by J .  Bailey. Health PhY8iCs. Oak Rid- Gasooua Diffusion Plant. 

XeuWOn energy spccba for the different d e w s 8  of modemtion m 8  uaod in this evaluation wero devdoped by 
J. R. Knlsht13 

** 
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Tabla K.1 
DOSES FROM INDIUM FOIL MEASUREMENTS 

INIT IAL ESTIMATES 

Gamma Dose Neutron Dose Total Dose Total Dose (rem) 
Employee (rad) (rad)  (rad) R B E  I 3 R B E  = 1.5 

“A” 167 62 229 353 260 

46 
77 

171 264 194 
286 44 1 3 25 

&#D” 138 50 188 289 213 
S I E I P  282 104 386 5 95 438 

25 
20 

93 143 10 6 
75 115 as 

37 14 51 78 58 

The  integrals indicatea were evaluated numerically to obtain tne  value oi R ,  and th i s  value was 
also computed from tne  energy spectrum as determined by. fission foils in the mock-up experiment, 
utilizing the first-coillsion dose  a s  a function of energy as given by G. S. H u s t  of ORNL. The  
value of 1.89 x 1U9 rad/(n/cm2) given by this latter method was in  close agreement with the 
value 1.93 x lD9 rad/(n/cmZ) as determined theoretically, although dlfferences were noted as to  
the  distribution of dose among the various energy ranges; in particular, the fast-collision dose  
calculatlon indicates a lower fraction of the dose  ior tnermal neutrons than does the theoretlcal 
calculation, which includes the total dose.  

T h e  percentage of flux and percentage of dose  for vorious energy ranges, as  computed by the 
theoretical method, are given in Table K.11. 

Tablo K.II  
CALCULATED NEUTRON ENERGY AND DOSE DISTRIBUTION 

&nrrav Ranae % Total Heutrons 9% Total Dose 

Thermal (0 - 0.04 cv) 

0.04 ev - SO00 ev 
SO00 cv - 0.75 h:ev 
0.3 Mcv - 1.5 Mcv 
1.5 Ucv - 2.5 Mcv 

2.5 Vcv - 10 Mcv 

35.8 
9.2 

14.0 
8.4 

10.9 
21.8 

13.1 
0.4 
8.0 

11.5 
18.0 
49.0 

A n  evaluation of the effect of variations in the neutron spectrum on foil  activation indicated that 
this activation was due primarily to  neutrons in the  tnermal region for both the original calibra- 
t ion experiment and for the neutron spectrum currently under consideration; the fraction of neu- 
trons in the thermal region, according to the calculated spectra,  was twice as great in tne mcder- 
ation range existing a t  the time of the accident as for tne  calibration experiment; and  accordingly, 
the neutron activation per neutron/cm2 was  considered to  be twice that determined in tne  earlier 
experiment, this earlier iralue being 4.6 x (dlslnteqratlons/mm/g)/(n/cm*). The factor 
applicable to  the personnel-foil activations was therefore considered to be 9.2 x l w  (disinte- 
grations/mm/g)/(n/crr,2). T h e  ratio of neutron d o s e  t o  indium foil activity, with foil activity 
beina corrected for radioactive decay subsequent to  exposure, was determined from thls value and 
from the value for rad/(n/cm2), previously d i scussea ,  to be  2.1 x 10-7rad/(d,integrotions/mm/g). 



K .3 

T h e  ratios for qamma t o  neutron a o s e ,  as given in Exhlbit V ,  were used tc jetermine the gamma 
J o s e .  i ne raaiation goses Ici :ne individuals receiving the highest exposures were calculated 
;vith these  factors ana are tclbulated in Table  K.111, alonq with the foil a c w a t i o n s  corrected for 
radioactive decay ioilowinq exposure, These  va lues  a re  considered to represent the bes t  dose 
estimates currently avaiiabie frcrn the Indium-foil measurements. 

-, 

Tablo K . t l t  
INDIUM-FOIL DOSE DETERMINATIONS 

Foil Neutron Gamma Total Total 
Artrvofron Dose Dose Dose Dose 

Employee  ( d i s / r n t n i K )  f rad) f rad) (rad) (rem). 

“8” 1.48 x IO* 31  94 1 25 186 
“C” 1,JO x lo8 50 140 190 240 

2.66 x 10’ 56 157 2 13 269 
8 8 F I l  0.71 lo9 14.7 4 1  56 7 1  

# , A l l  2 2 8  x lo8 48 126 174 222 

“D** 1.92 x lo8 40 112 152 192 

, ‘ ~ l *  0.73 x 103 15.3 43 S B  73 
“H’, 0 .42  x loJ 8.9 25 34 43 

With an ammumed R R E  = 2 for neutron. 

In  may be noted that, aitnouqn some indium-foil data were obtained du;ing the mock-up experi- 
ment, this experiment w a s  desiqned primarily to calibrate the blood-sodium dose  determinations, 
and information to permit a reasonably adequate evaluation oi the indium-ioii activations experi- 
enced in the accident was not obtained. 

However, i f  the activa:!:ons oi indium foils located on the s ide  of the bL‘;o dlrectly t o w a d  the 
reactor, and thus  exposed to the maximum incident and  reflected f luxes ,  ;iere utilized to deter- 
mine the personnel doses, the indicated doses  would be  lower by a factor of approximately 2.4 
than those shown in Table K.111. If the activation of foils on the  s i d e  oi the burro dlrectly away 
from the reactor were utilized to provide a calibration, the personnel d o s e s  would be  higher than 
those indicated in the taale by a factor of about 3.2, these  differences reilecting a n  approximate 
eiqntfoid reduction in activation e l fec ted  by the body of the burro. 

1 0 2 8 4 9 1  
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RADIATION DOSE AS A FUNCTION OF 

DISTANCE FROM REACTOR 
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time was determined from the s tab le  period associated wlth the  reactivity addition; the radlation 
exposure w a s  then calculated on the bas i s  of a ten-second exposure during which the power rose 
from its initial power oi 10 watts. Fiqure L.l gives the resu l t s  of these  calculations, and plots 
exposure in reins (assuminq a RBE of 2 for neutrons) as a function of the  closest distance between 
the person and the reactor surface. The fraction of generated neutrons leakinq from the reactor 
was assumed to be 15:; or 50%; th i s  variation appears to cover cases of interest. (The neutron 
lifetime wouid be sianificantiy different for t hese  dlfferent neuEon-leakaqe levels;  this was 
considered in the calculation.) 

In th i s  study the reactor was assumed to  b e  essentially cri t ical  under initial conditions. If the 
reactor were subcrit ical  inltiaily, the distance associated with a given exposure would be smaller, 
and wouid decrease  to zero if the reactor were sufficiently subcritical. As indicated in Figure L.1, 
no dangerous exposure appears assoc ia ted  with physical approach within about 2 - 3 feet of the  
system: however, c icser  acproaches could cause a reactor excursion leading to extreme over- 
exposure to t h e  individuai concerned, and also to personnel within the immediate vicinity. In order 
to inciude a r easomole  saiety fcctor, approach should not be closer than within 5 feet of t h e  
react or, 

I Q 2 b 4 4 3  
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A P P E N D I X  M 

SUP PL EMENT ARY IN FORMATION 

R E - E Ir; A C T  \I E N T P If  0 T 0 S 

Table M.1 presents tr.3 results of s lanif icmt chemical analyses oi s a n p l e s  taken from the system 

1 0 2 b 4 9 4 h  

Fiauro M.1 
POSITION OF EMPLOYEE "A" AT THE TIME O F  T H E  INCIDENT 

Noto: The high bock of tho sampling troy prmvonts Employeo "A" from obsorving tho 
actions of Employoos "E'*, "C", "D", and "E". (So. Figuro 5 )  



Figure M.2 

CLOSE-UP O F  T H E  POSITION O F  EMPLOYEE "F" ON MEZZANINE DIRECTLY 
ABOVE EMPLOYEE "C" AT THE TIME O F  THE INCIDENT (Looking South) 

Figure M.3 
CLOSE-UP O F  THE POSITIONS OF EMPLOYEES "E", "C", "B", AND "D" 

(Looking North East) 
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Figure M.4 

LOCATION OF V-1 VALVE AND THE DRAIN VALVE IN C-1 WING 

S U P  PL E 11 E N T .4 L C I4 E hl IC A L AN ALY SES 

Table h4.I 
ANALYSES OF SIGNIFICANT SAMPLES REMOVED FROM 

THE SYSTEM AFTER THE INCIDENT 

Sample Source Conc. 01 L' Sp. Gr. Nttrzc Acid  Carbitol Signtftcanf Impuntzes, u a  B a n s  

Al Fe Ca Na Cd 

2050 180 150 175 150 

(g  u235/g Conc. Conc. IPPW 
Solutaon) (%J (%) 

Product left in B-1 Product 0.0406 1.186 18.8s 
Tanks 

8 - 1  to C-1 Transfer Line 0.0476 1.188 17.79 
Upstream of Valve V- 1 

2600 775 225 150 150 

pi;  Adjustment Tube 0.0469 1.138 10.76 2200 200 70 140 125 

0.13 9.53 Low End of Tanks 6-1 and 0.00082 0.995 
6- 2* 

Low End of Tank 1-2 0.035 2 1.042 8.12 32.4 360 220 225 145 35 

Overflow Safe Bottle at High 
End of Tanks b l  and 6-2* 

0.0005 

* The Spectropraphlc analyeem of the80 mmmplem were not mignrficmnt bec.u.0 of tho ume of tap W m t w  

procedure and the low uranium concentration. 
th* hmk t0.t- 

I 0 2 b 4 9 b 
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POST-ACCIDENT DESCRIPTION O F  T H E  DRUM 

Followina the transfer of the xradiated solution from t h e  drum to  storage, the drum and i t s  liner 
were removed to ORNL for examnation. There it w a s  found to contain, m additlon to the cadmium 
scroll ,  some liquid with suspended solids.  Althouan rather detailed ana lyses  were made, only the 
results will be summarized here. 

The  liquid was  an  aqueous-oraanic mixture, not unexpected s ince  carbitol is used in the B-1 Wing 
extraction columns. The so l id s  were largely uranium with a few percent cadmium and iron, con- 
s i s ten t  with the B-1 Wing process ,  the s ta in less  s tee l  vesse ls ,  and the  addition of cadmium t o  the 
solution shortly after the accident.  The liquid and the so l ids  contained a total of about 25 grams 
uranium. Adherina to  the cadmium scroll were yellow crystals which analyzed 35% u r m u m .  
Figure M.5 is a photo showinq the s ludae  a t  the bottom of the drum liner, and  Figure M.6 is one of 
t h e  cadmium scroll  after removal. Fiqure M.7 i s  a s ide  view of the polyethylene liner and shows 
the cistortion of the wall resultmg from moldina it into the convolutions of the drum, an lndication 
of pressure and temperature conditions aurlna tne accident. Infrared ana lys i s  of m a o t o m e  sections 
of polyethylene samples snowea some aearauation ot the plastic due to cnemical rather than radi- 
ation effects. There is no information on tne possibility that the chemical reactions were induced 
by radiatlon. The  llner material was estimated to contain 50 grams uranium. 

Radioisotopic analyses were made of the s t a n l e s s  s t ee l  from various locations on the drum, 
yielding the relative neutron exposures recorded in Table  I11 and Figure 19. 
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Figun M.7 
OUTSIDE SURFACE O F  POLYETHYLENE LINER 



GLOSSARY 

(a, n) reaction - the capture of an alpha par t ic le  by a nucleus which results in 
the emission of a neutron. 

Alpha radiation (a) - doubly charged helium ions,  Het+, which a r e  emitted from 
radioactive nuclides. 

Beta radiation (P) - electrons emitted from radioactive nuclides. 

Cerenkov radiation - electromagnetic radiation (in this  r epor t  a visible blue glow) 
emitted during the interaction of radiation with matter.  

Crit ical  m a s s  - minimumamount of U235 required to maintain a nuclear chain 
reaction in a par t icular  set of physical and chemical conditions. 

Crit ical  reaction - a situation in which a nuclear  chain reaction is self-sustaining; 
j u s t  as many neutrons are produced as are absorbed and lost. 

Cross-section (neutrons) - a measu re  of the probability that a nucleus w i l l  capture a neu- 
tron. The  cross-sect ion is a function of the neutron energy 
and the s t ruc tu re  of the t a rge t  nucleus. 

Curie ( c )  

Delayed c r i t i ca l  

Delayed neutrons 

dpm 

dPS 

Dosimeter 

Electron volt (ev) 

Fission 

Fission product 

t 0 2 b S W  

- 3. 7 x 1010 disintegrations p e r  second. 

- the condition of a r eac to r  whereby the nuclear chain reaction 
is maintained by both prompt and delayed neutrons. 

- neutrons emitted by radioactive fission products during their  
decay. 

- disintegrations p e r  minute. 

- disintegrations p e r  second. 

- a device from which the exposure of personnel to radiation can 
be determined. 

- the energy acquired by any par t ic le  carrying a unit charge 
when it pas ses ,  without r e s i s t ance ,  through a potential differ- 
ence of one volt. 

- the disintegration of a heavy nucleus. made unstable by neutron 
absorption, into two or m o r e  nuclei  of intermediate m a s s  ac- 
companied by neutrons and other  radiation; e. g. , U235 may 
capture a neutron and split into Ba144 and Kr89, plus3neu- 
t rons,  plus gamma radiation. 

- anuclidewhich r e su l t s  f r o m  the f i s s i o n o r  splitting of an atom 
of a heavy element, such as U235: e. g . ,  U235 may be split 
into 3 neutrons plus Ba144 and K r 8 9  *.vhichare fission products. 



ORINS 

ORNL 

Power excursion - 

- Oak Ridge institute of Nuclear Studies. 

- Oak Ridge National Laboratory.  

Prompt  cr i t ical  

Prompt neutrons - 

Rad 

Radiation dose - 
RBE ( re lat ive 
biological effectiveness) 

Reflector 

Rem (roentgen 
equivalent man)  

R e p  (roentgen 
equivalent phys ica 1) 

Roentgen ( r )  

"Safe" 

Subcritical 

Supercrit ical  

T a r  get nuc 1 id e 

The rma l  fission 

"unsafe" 

Whole body (In V i v o )  
counter 

a nuclear chain reaction in which a relatively large amount of 
energy i s  produced in a sho r t  period of time. 

the condition of a r eac to r  whereby the nuclear chain reaction 
is maintained by prompt neutrons alone. 

neutrons which a r e  emitted direct ly  f rom the fission process. 

that amount of ionizing radiation which imparts 100 e rgs  of 
energy per g r a m  of irradiated mater ia l .  

a quantity of ionizing radiation. 

a constant for  converting radiation dose expressed in nhysical 
units ( r a d )  to i ts  biological effect; e. g . ,  one rad of fast  neu- 
t rons (with an RBE of 2)does twice a s  much damage to a living 
organism a s  one rad of gamma r a y s  (with an RBE of 1). 

- a mater ia l  which sca t t e r s  neutrons back into a nuclear reactor.  

- defined by: Dose in rems = (Dose in r a d s )  x (RBE). 

- dose of any nuclear (or ionizing) radiation that r e su l t s  in the 
absorption of 9 3  e rgs /g ram of t issue.  

- that quantity of X- or y-radiation producing, as  a resul t  of ioni- 
zation, one electrostatic unit of e lectr ic i ty  in 1 c c  of d r y  a i r  
a t  1 atmosphere and 00 centigrade.  

- a t e r m  describing equipment f o r  processing fissionable ma- 
t e r i a l s  in which nuclear s a fe ty  is imposed by geometry alone. 

- a condition in a reactor  whereby neutron;: a r e  absorbed and 
lost a t  a g r e a t e r  r a t e  than they a r e  produced; subsequently, 
the chain reaction dies  out. 

- a condition in a reactor  whereby neutrons a r e  produced at a 
g r e a t e r  r a t e  than they a r e  absorbed and lost. 

- a nuclide which captures incident radiation. 

- fission induced by the rma l  neutrons.  

- a t e r m  describing equipment f o r  processing fissionable ma-  
t e r i a l s  in which nuclear s a fe ty  is not imposed by thegeometry 
of the equipment. 

- a highly sensit ive gamma counter .  iocated inside a shielded 
room, which is used to de t e rmine ,  f r o m  the gamma r a y  spec- 
t rum,  any radioactive nuclides which a r e  present in a patient' s 
body. 
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